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LAE EEE ECT OF TIDAL BARRIBERS-UPON 


THE M, TIDE IN THE BAY OF FUNDY 


PIN TRODUGTION 


The Bay of Fundy has attracted the attention of the mariner, 
scientist, and the curious on-looker for many years because of its 
remarkable tides. The possibility of harnessing the tides of the bay for 
tidal power developments has not been overlooked either in the past 30 years 
(Hachey, 1934, and Ippen and Harleman, 1958). In recent years attention 
has been focussed on Passamaquoddy Bay and lately on Chignecto Bay, 
Shepody Bay and Cumberland Basin by the Atlantic Development Board. The 
purpose of this study is to examine the effect of tidal barriers upon the M, 
tide in the Bay of Fundy. 

The Bay of Fundy is situated on the east coast of Canada, centred at 
approximately 45°N latitude, 66° W longitude (Fig. I.1), bounded on the 
northwest by the coast of New Brunswick and on the southeast by the coast of 
Nova Scotia. Towards the head, the bay splits into two branches: the 
Chignecto Bay - Shepody Bay - Cumberland Basin system to the northeast, 
and the Minas Channel - Minas Basin system to the east. 


The depth distribution in the bay (Fig. I.2) is not an exact duplicate 
of the depth but a smoothed configuration used in the numerical models 
presented in this manuscript. The deepest area of the bay is over 600 feet 
and lies to the east and southeast of Grand Manan Island. Several deep 
trenches also exist in Minas Channel. The sides of the bay are generally 
steep- sided but the most irregular feature of the topographyis the existence 
of Cape Split which acts as an impedance to the tidal streams entering Minas 
Basin. 


The location of past and present tide gauge stations in the Bay of 
Fundy is shown in Figure I. 1 also. Many were established on a temporary 
basis for reduction of soundings or for correlation of "head difference!’ 
measurements during tidal current surveys, but some, such as St. John, N. B. 
and Digby, N.S. are permanent installations. Prior to 1962, the harmonic 
analysis of tidal data was carried out by the Tidal Institute and Observatory, 
Liverpool, England. In subsequent years, the work has been undertaken by 
the Tides, Currents and Water Levels Section, Canadian Hydrographic Service. 


The amplitude, H, and phase lag, g, of the most important harmonic 
constituents at various tide gauge stations in the Bay of Fundy are listed in 
Table I. 1. The phase lag here is given with respect to the moon's passage 
over the Meridian of Greenwich. The subscripts of the constituents refer to 
the species of tide; 1. diurnal, 2. semi-diurnal, etc. 
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The amplitude of the M2 is large, being the dominant constituent in 
the Bay of Fundy (Table I. 1). An example of the large tidal range in the Bay 
of Fundy is the tide at Burncoat Head in Minas Basin. Here, the mean tidal 
range is 38. 4 ft., but even more impressive is the height of over 53 ft. 
recorded on July 16, 17, of 1916. Another interesting phenomena is the 
occurrence of the tidal bore in the Petitcodiac River during periods of large 
tides. 


It would be convenient, indeed, if this study could be restricted to 
the M, constituent. To justify such a restriction, let us refer to the accepted 
tidal theories of Defant (1961). Defant refers to a ratio 


H(K,)+H(0,) i 


defined by Courtier (1938) where F is called the ''Form-zahl" and is 
interpreted as follows: 


F Character of Tide Mean Spring Range 
0. - 0.25 semi-diurnal 2(M>2 + S2) 
0.25 -1.5 mixed, mainly semi- diurnal 2(M2 + S>) 
15 - 3.0 mixed, mainly diurnal 2(K, + O})) 

3.0 - diurnal 2(K) + Oj) 


For,St. John, NB. 
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indicating that the Bay of Fundy tide is very strongly semi- diurnal. 


The mean range of a spring tide of semi- diurnal type is given as 
2 [H(M,)+H(8,)], 


and for! St#Johnj'"thée M> is 


9. Ons Ay 
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or 86% of the mean spring range. Therefore the M> constitutes most of the 
Bay of Fundy tide and the study can now be restricted to the M> alone. 
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The diurnal inequality of the tide is the difference in height between 
two successive high or low waters. For example, the maximum range at St. 
John is about 27 ft. The maximum diurnal inequality is roughly 2 ft. or 8% 
of the maximum range with F equal to.08. In moderate contrast, F is 0. 28 
for Sept Iles in the St. Lawrence River, where the maximum diurnal 
inequality is about 3. 5 ft. or 35% of the total range. These two examples 
indicate that for dominantly semi-diurnal tides there exists an almost one-to- 
one relationship between F and the maximum inequality expressed as a 
fraction. 


The first question that must be answered is why the M, tide is so 
greatly amplified from the mouth to the head of the bay. The Bay of Fundy 
generally diminishes in width and depth towards the head, and the tide is 
amplified by this convergence. Another significant factor is near resonance. 
The average depth of the bay is about 240 ft. and the angular speed of the My 
is 28.984 degrees per hour, which corresponds to a resonance length or 
quarter wavelength of 185 miles. In practice, the effective length of the bay 
is difficult to judge and seems to be about 150-160 miles, but this seems 
close enough to create partial resonance. From Table I. 1, notice that the 
amplification of the semi-diurnal constituents is greater than 2 between 
Lighthouse Cove and Five Islands but the corresponding gain for the diurnal 
constituent, K,, is less than 11/2. If partial resonance were not present, 
then amplification of both the diurnal and semi- diurnal tide would be equal. 
Therefore, partial resonance does occur and is responsible for perhaps 60- 
70% of the tidal amplification, while convergence of the bay may account for 
30-40%. 


It is evident that the length of the bay is shorter than the resonance 
length. Complications arise at the head of the Minas Basin system and the 
Chignecto Bay branch, since the Minas Basin branch is longer than the 
Chignecto Bay branch. On this basis Minas Basin contributes more to 
resonance than Chignecto Bay. 


What is the speed of the M, tidal wave? The difference in the Mj 
phase lag between Grand Manan I. and Cape Chignecto is about 20 degrees or 
40 minutes of time which is equivalent to a speed in excess of 200 ft./sec. A 
gravity wave in a channel 240 ft. deep travels only 88 ft./sec. Thus, the M> 
in the main part of the Bay of Fundy is not only a partially resonant wave but 
also a near standing wave. In the upper arms of the bay, however, the wave 
is much slower and can be considered as a progressive wave. 


Figures I. 3 and I. 4 show the M> corange and cotidal lines for the 
Bay of Fundy. The corange lines are lines of equal amplitude and the cotidal 
lines are lines of equal phase lag. The tidal data were obtained from coastal 
tide gauge stations and as such, they have been perturbed by shallow water 
effects. Therefore the ''observed cotidal and corange lines'' are only 
"intelligent guesses" at whatever values may be found in the centre of the bay. 
Later on, we shall compare calculated values to these ''observed values’. 
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The M> cotidal and corange surfaces (it is often more convenient to 
call them surfaces rather than lines) are fairly smooth and continuous, and 
contain no nodes in the Bay of Fundy. Normally at a node for the vertical 
tide, there would be zero amplitude, with the cotidal lines rotating about that 
point. Gradients in both surfaces bear some relation to the depth distribution. 
At the head of the bay, where the depth is shallower and the width narrower, 
the cotidal and corange contours are closer together than they are near the 
mouth. 


The tidal wave from the ocean travels through the Gulf of Maine and 
enters the Bay of Fundy in the vicinity of Lighthouse Cove. The cotidal 
surfaces indicate that the wave first enters in a northerly direction. This 
will also be substantiated later by calculations for the pattern of current 
ellipses in the bay. The wave takes a finite time interval to travel to the 
opposite shore and the result is a difference in phase lag of 10-12 degrees 
between points on opposite shores in the vicinity of the mouth. This sloping 
of the cotidal lines with respect to the cross channel direction persists, but 
gradually decreases until the wave reaches Cape Chignecto. As has already 
been mentioned, this gives the tide the appearance of a standing wave along 
the length of the bay. However, the standing wave character soon breaks 
down and in the two branches at the head of the bay progressive wave 
character is predominant. In Minas Channel, the narrow width and the 
barrier-like effect of Cape Split produce a large gradient in the cotidal 
surface. _The phase lag in Minas Channel is clearly later than the phase lag 
in Chignecto Bay. Finally, the cotidal lines are curved near shore reflecting 
a shallow water effect. 


For the Mj amplitude, which is not nearly as sensitive to depth as 
is the phase lag, there is only a slight difference of amplitude at the mouth 
between points on opposite shores. The depth there is over 100 fathoms and 
thus amplifies the M5, amplitude only slightly. This inequality is nil in the 
vicinity of Digby. Over the upper reaches of the bay, the M> amplitude on the 
southeast shore is greater than that on the northwest shore. As in the case of 
the Ms phase lag, the physical dimensions of Minas Channel create a large 
gradient in the M, corange surface. The amazing thing here is that the tide 
manages to survive the constriction at Cape Split and continues to grow in 
amplitude in Minas Basin. 


As a matter of interest, the N» and Sz configurations are shown in 
Figure 1.5 tol. 8 Since they are also semi-diurnal constituents, the N> and 
S2 surfaces are very similar to the M> surfaces already discussed. 


In view of the large tides in the Bay of Fundy, especially in Minas 
Basin, there is a large potential of energy which man has yet to trap. In spite 
of the advent of nuclear power as a source of energy, advances have been 
made and are still being made in the extraction of energy from tidal sources. 
For example, a tidal power project is nearing completion in the estuary of La 
Rance River in northwestern France. In the area of Passamaquoddy Bay 
(near the mouth of the Bay of Fundy on the northwestern shore), engineering 
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studies have been carried out by the International Passamaquoddy Tidal 
Power Project (1959). We will see later that Minas Basin has greater 
potential than Passamaquoddy Bay but the cost of a dam in Minas Channel will 
likely be greater because of the depth and width. One point in favour of the 
Minas Channel site is the possibility of a causeway over the dam, saving 
motorists the distance and time in driving around Minas Basin. 


In building a power dam, there is the question of the effect of the 
dam upon the existing M» configuration. If the dam were to decrease the 
range critically, say 50%, then it may no longer be feasible to extract power 
from the tide. In this study we shall try to calculate the effects of complete 
barriers upon the present tidal configuration. This will be done by means of 
the following models. 


I. «-rNumerical Solution .- ,,1 dimensional 
2. Analytic Solution - 1 dimensional 
3. Numerical Solution - 2 dimensional - coarse grid 


- fine grid 


Even without carrying out any calculations, we can estimate qualitatively the 
effects of a tidal barrier. Since the bay is already shorter than the resonance 
length, a barrier will make it even shorter and therefore further off from 
resonance, which in turn would cause a decrease in the tidal amplitude. 
Furthermore, since the Minas Channel branch contributes more to resonance 
than does the Chignecto Bay branch, a larger decrease in tidal range would 
be expected in Minas Channel than in Chignecto Bay for any barrier in the 
two channels equi-distant from the junction at Cape Chignecto. A decrease 
in phase lag or an advancement of time of high water would occur with the 
incoming tide being reflected at the barrier instead of going up to the head of 
the two channels and being dissipated by bottom friction. Lastly, since the 
Minas Channel branch is longer, greater advancement of high water for a 
Minas Channel barrier than for an equivalent Chignecto Bay barrier would 
result. 
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IL ONE DIMENSIONAL NUMERICAL MODEL 


In 1964, Dr. J. R. Rossiter, Director of the Tidal Institute and 
Observatory, Liverpool, was asked to make a preliminary investigation into 
the effects of tidal barriers on tidal propagation in the Bay of Fundy. In 
particular, he investigated the effects of a barrier at the entrance to Minas 
Basin, running from Cape Sharp southward to the opposite shore. This was 
done by using three different approaches. 


In his first approach, Rossiter divided the Bay of Fundy system into 
five frictionless channels, each of constant length, width and depth (Fig. II. 1). 
The effects of viscous and Coriolis forces were ignored. The tidal regime at 
the mouth of the bay was assumed to be unaffected by the erection of the 
barrier in Minas Basin. The horizontal motion was considered as the depth- 
mean motion of a single harmonic, and the flow at section F was assumed to 


be zero. 
The motion without the barrier was expressed as 
Z=-Hsincot, dH ps 


and u=-Ucosoct, 1 2 


where H = amplitude of vertical oscillation 
U = amplitude of horizontal oscillation | 
Z = water level with respect to mean sea level 
u = x - component of velocity 
g = angular speed of the single harmonic, in this 
case the M, constituent 
Pree by 8is 


In terms of the velocity at the barrier site, the change in the motion was 
given by 


Z=1,214U sinct, phe 
and u=Ucosct. II. 4 
Thus the resultant motion at the barrage site is 
Z=1.214U sino t-H sinct. If.3 
Using a value of U = 4 knots and H = 15 feet, the following values 


were obtained for the percent decrease in M, amplitude at various cross 
sections for a barrier at Cape Sharp. 
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Table II. l 
Cross-section A B ‘CO D E F 
% decrease in -- 5% 16% 26% 31% 16% 


M2? amplitude 


To help examine the validity of these results, an energy budget was 
then carried out. The expression for the average tidal energy transport is 


E, => eg AH U cos (g'-7 ); Ip%e 

where P = density of water 

g = gravity 

A = cross-sectional area 

H = depth 

U = speed 

g' = phase lag of vertical tide (M9) 

y = phase lag of horizontal tidal stream (M9) 


In a study of energy in the Bay of Fundy by McLellan (1958), a 
similar expression was derived for the energy. The energy flux at the mouth 
of the bay was calculated to be 3.09 x 10! kilowatts (kw), which is in good 
agreement with the Tidal Institute's value of 3.17 x 10’ kw. Rossiter's 
calculations show that 2. 60 x 10! kw are dissipated in the bay while McLellan 
calculated a value 2.71 x 10° kw, againvin close agreement, ) From igure lid, 
it can be seen that out of the total energy transport across the cross-section 
atiCape. Chignecto, 1. 12 x 10’ kw enters Minas Channel but only . 42 x 10? kw 
into Chignecto Bay. This implies that the effect of tidal propagation in the 
Bay of Fundy would be greater for a barrier in Minas Basin than for a 
barrier in Chignecto Bay, since the latter case involved less redistribution 
of tidal energy. 


The third and last approach by the Tidal Institute was to solve the 
simplified one-dimensional hydrodynamical equations by numerical integration 
in time using the ''Initial Value Method" by Rossiter and Lennon (1965). Their 
only calculation was for a barrier at Cape Sharp in Minas Basin. 


The author's work with numerical tidal models commenced here. 
This initial work consisted of a model similar to the Tidal Institute's, and, 
quite naturally, the first calculation was also for the Cape Sharp barrier. 
A description of the model follows: 


In the integration of the one dimensional hydrodynamical equations, 
quadratic friction is used and coriolis and viscous effects are neglected. The 
expansion of 24 gives 

Pp Sl at & 
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where the last two terms on the right are the advection terms. The wuz 
term is neglected since w is usually very small. The uu, term is also left 
out for this solution but its effect upon the tide will be examined later. The 
hydrodynamic equations are now given as 


Oiiige OZ. Kulu j Aas: 
Pt ee Mote hy 
and 2 Oped vO oe II. 9 
0 x dt 


where  u= velocity in x direction 
g= gravity 
Z= water level with respect to equilibrium depth 
k= friction co-eff = . 0025 
H= total depth of water 
Q= flow in x direction 
b= breadth of the channel 


To facilitate a solution, Equations II. 8 and II. 9 were transformed 
into a finite difference form and integrated in time. The Bay of Fundy was 
divided into a number of 15. 5 nautical miles sections, each of constant 
breadth and depth (Fig. II. 3 and Table II. 2). The finite difference forms of 
II. 8 and II. 9 are 


1 1 k | u(m 2 n+) 
Le aa a La id's 

u(m+—,n+-—)= -= = § 

( 5) =u(m pen eS) 1 = 


; II. 10 
-g_[Z(m,n+1)-Z(m, n)]. 
€ 
and II. 11 
Z(m,n)=Z ot nye Ee _i aeeit i 1 : 
) (m n ) x ee g70t5) a(m-3,n-3)| 
where = water level with respect to equilibrium level, 


= total depth, 

= breadth, 

= bH = area of the cross section, 

= velocity in x direction, 

= friction coefficient = . 0025, 

= surface area of section n, 

= time step = 621. 030 sec, 

= grid length = 15. 5 nautical miles, 
= Au = volume flow. 


Dinan aero rn 
| 


The double subscripts in II. 10 and II. 11 refer to the time step and 
space step, respectively. 
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The grid configuration of II. 10 and II. 11 is shown in Figure II. 4. 
The Z values are calculated in space at integral grid lengths, n, while u 
values are calculated at half integral grid lenghts, n+ 1/2. Similarly, the Z 
and u values in time are calculated at integral and half integral time steps, 
m andm+ 1/2, respectively. Thus this system is 'staggered' in time and 
space. 


For various grid systems in the finite difference solution of the 
hydrodynamical equations, there can often be found an explicit relationship 


given by 
ee Sp nena Li 2 
vu» 2\_ [Amplification |. eae 
zm +1 Matrix gm 
The criterion for computational stability is 
la, | <5 dar 3 


whene-the Ne fanetthever gentvalves of Ih 12. Por Il. 10 anddl ih, the 
amplification matrix is a 2x 2 matrix. Fischer (1965) (in discussing 
numerical stability) derived the stability criterion used for this one- 
dimensional ''time and. space staggered'' system. The condition is 


pate pre Al wow, Pins) A 
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For this study, the tide at the mouth of the bay is taken to be the 
observed M> tide so that 


Z(m,1)=7.5cos(m7 ~~ 331°). IL..<15 
At the junction of Cape Chignecto, the continuity condition is 


1 1 7, 
Q(m=5.559= Q(m-5, 65). Hy hwre wes) Li, 6 
Chignecto Minas . 


For a further simplification of the boundary conditions, set 
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Q(m, 85)=0. 
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First calculation was for a barrier at Cape Sharp and is similar to 
the calculation by the Tidal Institute. The boundary condition is 


Q(m, 10)=0- Th. be 


The water level at the barrier site, Z(m, 10), was calculated by a different 
scheme. Z(m, 9 3/4) was first calculated and Z(m, 10) taken as 


; : IL. 19 
Z(m, 10) =3 [-2(m,9)+42(m, 98)]- 


In the figures, the subscript n=9 3/4 has been replaced by n=11 to facilitate 
computer programming. 


All calculations were carried out on the CDC 3100 digital computer 
and were started at time m=0. The initial water levels were calculated from 
the cosine of the observed phase lag. Initial values for the current were 
assumed to be zero. Since the total time of calculation is only four 
or five tidal cycles, the incorrect initial currents are of no concern. This 
only slightly influences the time it takes for the solution to reach a steady 
state. In longer calculations, poor initial values may drastically affect the 
final results. 


The calculated M> amplitude with the Cape Sharp barrier is 
compared with the observed or normal Mz amplitude in Chignecto Bay (Fig. 
II. 5). The abscissa in Figure II. 5 represents distance from the mouth of the 
model, with each unit step equal to 15. 5 nautical miles. The decrease in 
amplitude is less towards the head of Chignecto Bay because greater 
distance towards the head of Chignecto Bay means greater distance from the 
barrier. Figure II. 6 shows the same quantities plotted for Minas Channel. 
As expected, the difference between the observed and calculated Mj amplitude 
is greatest at the barrier site. 


The perturbed phase lag is compared with the observed phase lag in 
Minas Channel (Fig. II. 7). When section 10 is closed off, the difference in 
phase lag between the mouth and Cape Chignecto is only 6 or 7 degrees and 
the tidal wave has the appearance of a standing wave. Figure II. 8 shows the 
observed and calculated phase lags for Chignecto Bay. The perturbed tidal 
wave there displays more progressive wave character than standing wave 
character. 


It is more convenient to express the change in Mz amplitude as a 
percentage rather than as an absolute value (Fig. II. 9). The greatest decrease 
(20%) occurs at the barrier site, as does the largest gradient, apparently 
caused by the barrier and the narrowness of Minas Channel. The gradient in 
Chignecto Bay is smaller, but still larger than the gradient in the main part 
of the bay. Over one-half of the perturbation, the percent decrease in 


oA, One 
amplitude caused by the barrier, extends beyond Cape Chignecto. 


The largest decrease in phase lag (also found at the barrier site) of 
12 degrees is attenuated even more quickly than the percent decrease in 
amplitude (Fig. II. 10). 


Even though we have already calculated the effects of a barrier at 
Cape Sharp, we have not yet shown that the model is valid. This can be done 
by reproducing the natural M> distribution. Instead of u( m, 10) =0, 
Z(m, 10) is now inputted as the observed M> tide. 


The calculated normal M> tide and the observed M?2 tide in Minas 
Channel are equal by assumption at sections 1 and 10 (Fig. II. 11). They 
differ most at section 5 but only by .5 ft. Similar conditions are found in 
Chignecto Bay (Fig. Il. 12), but the agreement is not as good as the case for 
Minas Channel. | 


The calculated normal M, phase lag and observed phase lag for 
Chignecto Bay are shown in Figure II. 13. The calculated curve is somewhat 
irregular, but the maximum difference between the two curves is several 
degrees. In Minas Channel (Figure II. 14) the correlation is much better. 


The perturbed state of the tide has been compared with the observed 
state, but this is valid only if the model is capable of reproducing the natural 
configuration very accurately. 


It has been found, though, that the model does produce errors; 
however, if the errors in the model are produced to the same magnitude in 
all calculations, then it would be much better to measure the effects of the 
barrier by comparing them with the calculated natural distribution rather 
than with the observed (Fig. I]. 15 and II. 16). The results are similar to the 
previous comparison except that the perturbation in Chignecto Bay now has a 
smaller gradient. 


Attempts were made to reproduce the N» configuration, but the 
calculations were unstable, even after 10-12 tidal cycles. 


The depth was made constant at 200 ft. as a final study with this 
model to yield the effects of depth on the normal tidal configuration. The 
calculated normal M> distribution with natural depth is compared with the 
distribution at the constant depth of 200 ft. (Fig. Il. 17 to Il. 20). It is apparent 
that towards section 1, where the depth is greater than 200 ft., the amplitude 
for constant depth is greater than the amplitude for natural depth. Towards 
section 8 in Chignecto Bay, where the depth is less than 200 ft., the situation 
is reversed, Similarly, the M, phase lag for constant depth is greater at the 
mouth and less in Chignecto Bay than for the case of natural depth. We can 
guess that the tide attempts to do the same thing in Minas Channel, but 
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Z(m, 10) has been fixed and this probably prevents the two curves in 
Figure II. 18 from crossing each other as they did in Chignecto Bay. It is 
concluded that decreased depth increases the amplitude and phase lag. 
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Ill ONE DIMENSIONAL ANALYTIC SOLUTION 


An analytic solution to the hydrodynamical equations was undertaken 
to provide a check on the accuracy of the numerical results obtained by the 
one-dimensional finite difference computations. This solution will be 
restricted to the one-dimensional case. Solution of the two-dimensional 
case is lengthy (e. g. Godin, 1965) and of questionable value here. 


The bay was divided into a series of channels, each of constant 
length, width, and depth (Fig. III. 1). Table III. 1 gives the physical dimen- 
sions of each section, along with some other useful constants. The 
schematization for the analytical model is identical to the one used in the 
one-dimensional numerical model with the exception that section 7 has been 
increased to 23. 3 nautical miles. This change gives a more realistic 
approximation to Chignecto Bay. 


The method of solution is the harmonic method (Dronkers, 1964). 
The equations are simplified by neglecting the advective, viscous and Coriolis 
terms, so that the primitive equations become 


OQ Dy wee ‘noe 
0 xX t 

and 9 Q- Oe x ee eZ 
at + 7 QtgA Bike 


where N is a iriction co~efficient, 


If we assume that the x and t dependence of the solutions are separable and 
harmonic, then the solutions of III. 1 and III. 2 can be expressed in complex 


form as 

Bix ty ouras ye ° : +H (x)ye'° FS Ill. 3a 
and Gero aa) (ae 17 ‘ #Q (xye'% I III. 3b 
where w = angular speed of the M> tide. 
Also, Be Haat III. 4a 
and | ag III. 4b 


where * denotes the complex conjugate. 
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For simplicity of calculation, it is assumed that at time zero high 


water occurs at the mouth of the bay. This leads to the following: 


ZC x Oy) = Hp x pel WE 4 iqa(everam Re Ill. 5 
so that. Api, 0.) = Hy Gx) eo 7 it. o 
We further assume that 
1 
ET, (O° )fC Ray AOSIS ei team) Wi, 7 
With these assumptions Q can be eliminated from III. 1 and III. 2, giving 
2 2 
dons | dca! ee gene III. 8 
at” at ee: 
A 
where ote g <i = speed of gravity wave. III. 9 
n 
eo ji 2 
Then * = + (oe Nae i eige LT ero 
Ox i 
Therefore, F(x) is of the form 
k x -kx 
i 31 Hess OY Aa EN SBA 2h Yk tl LiL abl 
where eee Were one LIke? 
n Cc Ww 
n 
However, by the following expression, 
; St Ae Bap ile 
37 fates A 
yo Vain 8 
where C= de Chezy coefficient 
Cra fe III. 14 
f 


we find that i Be III. 15 
If we set foe Od LT. kb 
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The solution will be much simpler if we set \ identical to zero (i. e. no 
friction), so that 
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is pure imaginary. 
The positive value of k, is used and the solution becomes 
HIwi19 
ZA xet = E eee .OnONe vain: x vies nett yi, 
n n n n tae n 
n 
and , Line Z0 
bs, wisi fy . iw t 
Q, (6 t)=[@, (0) cosh k, x=, (0) — sinh k x | € +c.c.. 
n 
This gives sm a 
< Bit 8. 
| H(*)=H (0) coshk x+Q (0) ~- sinh k x 
and zs 22 
rs) Opa ‘ 
lay ASL esis aa a a = sinh k x; 
n 
as defined in equations III. 3 and III. 4. 
Equations III. 21 and III. 22 can be reduced by using the relations 
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Thus, for constant width and depth, the solutions for the frictionless case 
are trigonometric functions. For the case of exponential width and depth, 
the solutions are Bessel functions, Jz, (x), where nis a function of the 
exponents of width and depth. 


At the junction of each rectangular channel, the continuity conditions 
for tidal height and transport are 
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where Ay,= cross-sectional area of section n. 
At the junction between Chignecto Bay and Minas Channel 
= = Hi23 
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As in Chapter II, there is the condition of no flow at the end of the 
model in Chignecto Bay, so that 


U,(1,)=0. III. 30 


It is seen from Equations III. 24 and III. 25 that the tide and current 
at each section can now be expressed as: 
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and UL =C,U,(0)+D HL (0)i, Ti. 32 
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where 0Uj(0) = vel. at section 1 (mouth) 
H,(0) = vertical tide at section 1 (mouth) 
Q,= An U, (here A, is cross-sectional area) 


and Bons B 
conditions. 


n Cn Dy are constants to be determined by the boundary 


It can be shown that 
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Jable Ill. 2 lists the values of A, B,, GC, and Dy. From section 1 
to 6, these constants vary quite smoothly, with A, positive and decreasing 
from 1.0, B, negative and decreasing from 0.0, C, positive and increasing 
from 1.0 and D, negative and decreasing from 0.0. This smoothness is 
soon disrupted due to the condition of no flow at section 17 which was simply 
expressed by setting C(17) and D(l17) equal to zero. C, and D, for sections 
a, / and ly are no longer smooth; in fact, Dy is now,positive,. In order to 
preserve continuity, it is necessary to find a combination of C, and D, such 
that U(17) remains zero but with the constants fitting into the regular smooth 
pattern, a difficult and perhaps impossible task. 


This is now a frictionless model, with the current exactly 90 
Pe greee in auvance of the vertical tide; in other Words, .fi(0) ic reel and 
U;(9) is imaginary. In Equations III. 3 and III. 4, H,(x) and U,(x) refer to 
the progressive wave travelling up the bay, and the complex conjugates, 
H_,(*) and U_(x), refer to the retrogressive wave going back down the bay, 
so that 


Ui 0)= Ju, (o)| i for the progressive wave Ero 
and Ui; (0)=- |v, (| i for the retrogressive wave. III. 38 


We find that H,(x) is real and equals H_,(x) while Up(x) is imaginary and 
equals U_,(x). In this way, the functions Z,(x, t) and Up(x, t) reduce to 
cosine functions in the variable t (time). 
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The currents in this area have been measured but only at a finite 
number of points and for relatively short periods. The most recent surveys 
were carried out by Forrester (1958) and Langford (1965). Forrester's 
current studies were displayed graphically in steps of . 5 knot intervals and 
at integral numbers of hours before and after high and low water only, while 
Langford's current data are still being analyzed. The value of B, becomes 
very large so that rough estimates of |U1(0)| are not sufficient to yield 
accurate values of H,(0). However, reasonable values of Hn(0) are 
available and we can deduce a value of | U (0) | by evaluating Equation III. 31 
for each of the 10 cross sections of the model. A final single value of 
| U1(0)| can be obtained by the least squares method which, for a linear 
equation, is equivalent to the algebraic average. The average value of 
|U1(0)| was 1. 70 ft/sec., taking H](0) as 7.5 ft. The M2 amplitude and flow 
were calculated for each cross section. 


To determine the amplitude in the case of a barrier at section lg, 
Cape Sharp, Ug(1g) is set to zero in Equation III. 32, giving 


UC ips. C. }U,( 0)" i+D)H,(0)i, III. 39 


so that | u, (0)"| = 4H, (0); III. 40 
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where [U (0)"| is the value of | U1 (0)| for which U9(lg9) = 0. Substitution of 
|U1(0)'| instead of |Uj(0)| into equation III. 31 yields the new value of H(1o9) 
for section lg closed. The value of | U4 (0)'| was 1. 46 ft. /sec. 


The Mz amplitudes in Chignecto Bay and Minas Channel are plotted 
in Figure III. 2 and Ill. 3, respectively. A discrepancy of. 3 ft. between the 
observed and the calculated M> tide occurs in Chignecto Bay. Although 
section 17 lies approximately at Cape Maringouin, the assumption of zero 
flow is not entirely valid. Furthermore, the river discharge from the 
Petitcodiac River into Shepody Bay has also been neglected. Nevertheless 
the agreement between the two curves is good. The M> amplitude is also 
shown for section lg closed. By assumption the three curves match at the 
mouth. When section lg is closed, there is a sizeable drop of 3. 2 feet at 
the barrier site, a decrease of 20%, which is in close agreement with the 
numerical model. In Chignecto Bay, the maximum decrease is about 12%, 
and does not agree too well with the previous value of 6% or 7% (Fig. Il. 16). 


‘The percentage decrease throughout the bay (Fig. III. 4) is different from the 
previous calculation (Fig. Il. 16). The first major difference is a smaller 


slope in Minas Channel. The second is a positive slope in Chignecto Bay 


(Fig, Il. 16). This corroborates the suspicion that setting C,, and Dpto" Zero ar 
section 17 was not a good way to set U7 (17) = 0. 


The volume transports both before and after closing section lg 
(Fig. III. 5 and III. 6) show a discontinuity because the Bay of Fundy splits 
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into two branches. Naturally, the total flow crossing section lg balances. 
It is necessary to recall that the assumption of no effect upon the height at 
section 1 is not perfect. The results at the barrier site are valid and 
become less and less valid towards the mouth. The degree of validity at 
the mouth also depends on the size of the perturbation. 


The analytical model agrees very well with the numerical model in 
predicting the water level in Minas Channel, but differs in predicting water 
levels in Chignecto Bay. 


= 20n— 
IV. TWO DIMENSIONAL NUMERICAL MODEL 


The effects of a barrier upon the M> tide in the up and down stream 
directions have been determined in previous models. These results are not 
entirely satisfactory but are fairly good approximations. As noted, the M2 
distribution varies across the channel, especially the cotidal surface. The 
two dimensional model can reproduce the cross stream distribution and 
permit the inclusion of the Coriolis acceleration in the hydrodynamical 
equations. The grid lengths used in the two dimensional program are 
smaller than that used in the one-dimensional, thereby allowing for better 
approximations of the bottom topography. 


The finite difference technique has been used successfully by Prof. 
W. Hansen of the Institut flr Meereskunde, Hamburg, on the study of storm 
surges. A study of the M> tide in the North Sea was carried out by 
Brettschneider (1963) of that Instittit using this approach. The equations 
used here are the same as those employed by Brettschneider. 
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where = x component of depth mean velocity 

= y component of depth mean velocity 

= vertical tide, with respect to equilibrium depth 
= friction coefficient 

= Coriolis parameter 

= total depth of water 


and = gravity 
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For our rectilinear co-ordinate system, the x direction is along 
the length of the bay, positive towards the head or northeast. The y 
direction is cross-channel, positive in the north west direction. The z 
co-ordinate is positive in the upward direction. Quadratic friction is used 
here; surface wind stress and other meteorological variables are neglected. 


To facilitate the finite- difference calculations, the Bay of Fundy 
J was divided into a grid, consisting of U, V and Z field. Asin the one- 
. dimensional case, the grid is staggered in time and space. Figure IV. 1 


a Die 


shows the grid configuration and notation. This particular notation was 
devised tocut down memory requirements in the computer program. The 
original program was run on a CDC 3100 digital computer with only 16 K 
word memory. Later, the program was switched to an IBM 360 where 
concern for the storage capacity of the computer was not a problem. 


This particular staggered grid system permits easy computation of 
Zy at U-points and Zy at V-points. One could argue that a grid system 
where the grid points were 2 A 1 apart with U, V and Z calculated at all 
points gave equalresolution. Thisistrue, but in the latter case, derivatives 
are calculated from the difference of the value between two points which are 
4 Alapart. The derivatives in the staggered system are based on two 
points only 2 4 1 apart, thereby giving a closer approximation of the 
derivative. Another advantage of the staggered system is that time 
integration takes place as a central difference whereas in the other system 
mentioned, forward and backward differences are employed. 


The differential equations were transformed into difference 
equations of the central difference type. All time derivatives are derived 


from Taylor expansions: ; : 
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This is the central difference approximation to the time derivative, where the 


error is given by 
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The values of Z are calculated by the time integration of Equation 
IV. 3 at odd times t + 1, where t is an even integer. 


[Vind 


teh) gu gk Seals 


t 2rhut 


where the superscript refers to the time step. Equation IV. 8 indicates that 
Z will always be known at even time steps. 


The variables U and V are calculated by the time integration of 
Equation IV. 1 and IV. 2, respectively, at evenstimes,t.+ 0,.. giving 
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This implies that U and V will be calculated at odd times only. 
The spatial approximations for Z point calculations are:- 
Z(m, n) = water level with respect to equilibrium level at the 
PoInte A tyes) 


DEEPU (m, n) = equilibrium depth at the point U ( m, n) 
ZATU (omy n.p= valuelof Zvatitherpoimmy(-m,. ni) 


ZATU (m,n) = | Z¢m,n)+Z(m41, n)| IVa 
HATU (m, n) = total depth at the point U(m, n) 

HATU (m, n) = DEEPU(m, n) + ZATU(m, n) IM, 42 
HUX (my on.) = (HU)g at the point Zitemignny) 


1Veu 3 
HUX (m, n) = HATU(m, n) U(m, n)- HATU(m-1,n)U(m-1,n 
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where Al is the grid length. 
Note that 2 Al is the spacing between two adjacent similar points. The 
variables above are so named only because they appear that way in the 


. 232. 


computer program. 


DEEPV (m, n) = equilibrium depth at the point V(m, n) 
ZATV (m, n) = Z value at the point V ( m, n) 


ZATV (m, n) == [Z(m,n)+Z(m,n-1)| IV. 14 
2 
BALY { min’ }= total depth at the point V ( m, n) 
HATV (m, n) = DEEPV(m, n) + ZATV(m, n) yay 


HWY (9m,..n,). = (HV). atthe point Z () m,) n,) 
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HVY (m, n) = HATV m, n) V(m, n) - HATV(m, n+1)V(m, n+1 TA UG 


Now Equations III. 3 becomes 
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One may notice that in order to evaluate HUX (m, n )! and 


my y { m, mt EF 1) we need to know the value of Z ( m, n )( Lt 1) pie 
values of Z(m, n y t+ 1) are not calculated and so, when needed, the 
2 (an, Hh y( t+ 1) are approximated by Z(m, n y( t) 


The error involved in this approximation is negligible; Z ae 
ztt+ lis at most several tenths of a foot, which is much less than the 
equilibrium depth. 

For the U-point calculations, we have: 

VATU (m, n) = V component of velocity at the point U (m, n) 

VATU (m, n)=4 [v(m-a1, n)+V(m-1,n-1)+V(m,n)+V(m, n-1) | IV. 18 
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ZXATU(m,n)= 2¢m+i,n)-Z(m, n) £V-19 
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Now Equation III. 1 becomes 
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In the second and third terms on the right hand side of IV. 20, values 
OT Uae )t and V"( min yt are required, 


These are approximated by 


u(m,n)'*) x u¢m, nyt ?), IV. 21 
and v(m) ny is vi men jet rt): LV. 22 
Then, the sum of the first and second terms on the right of 
Equation IV. 20 becomes 
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At this stage, a stability factor is applied to the leading 
Ginn; n jf t- 1) factor. 
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and where a is a stability factor. 

The last term of IV. 25 is of the form A V4U, where Aisa 
coefficient of lateral diffusion of momentum (Fischer, 1965). For V point 
calculations, we have 


UATV (m™, n) = U component of velocity at the point V (m, n) 


UATV (m,n) = | U(m-1,n)+U(m-1,n+1)+U(m, n)+U(m,n+1)| TV..20 


2Yanewv (m,n) = Zy at the point V (m, n) 


_ZYATV (m, n) =2(m, n)-2Z (m, n+1) IV. 27 
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Equation IV. 2 becomes 
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By using the same technique as in the U-point calculations, we can 
also introduce an A V“V term into equation IV. 28 where 
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The finite difference approximation of the hydrodynamical equations 
becomes 
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where r = friction constant 
= , 003, 
a = stability factor 
mate be 
l-a=.0l1, 
At = 1 lunar minute 
= 62. 1030 solar seconds, 
Al = grid length (to be given), 
¢Y = latitude (taken as a constant) 
= 45 degrees north, 
f = Coriolis parameter 
= 2Qsin ¢ (where 2 = angular speed of earth) 
= 1, 02820 x 10-* rad. /sec., 
and w = angular speed of M>2 constituent 
= . 4880373 degrees/lunar minute 
= . 4880373 degrees/time step. 
For our staggered grid system, the accepted criterion for 
numerical stability is 
2A1>2 At 2gD LV aoe 
2 4 1 > 24000 feet . IN 3330p 


Calculations for the two dimensional grid were carried out on two 
systems of different grid length. One, identified as FUNDY 01, employed a 
grid length of 60,800 feet and the second, FUNDY 02, employed a grid 
length of 25,760 feet. 
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The initial values, at time zero of Z,; were taken as the product of 
the observed amplitude and the cosine of the observed phase lag. The initial 
values of the U and V components of the velocity were assumed to be zero. 
This assumption was necessary since little is known about them. On the 
solid boundaries the normal component of the velocity is zero. 


W_ =0. IV. 34 


On the open boundaries, in this case the left, it is assumed that 
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This facilitates calculations for V on the open boundary in IV. 26. 


In the various grid systems, and for various boundary conditions, 
we are faced with the problem of looking at and comparing the U, V and Z 
fields for a large number of points. To do this, it would be convenient to 
have steady-state solutions which were reasonably sinusoidal, so that we 
need only to look at the amplitude and phase lag at each point. This was 
done in the one-dimensional solution without explanation. In this way we can 
correlate the solutions at every grid point on one corange chart and one 
cotidal chart. 


The steady state solution is not perfectly sinusoidal but is close 
enough to be approximated as a single harmonic. The amplitude was taken 
as the average of the high and low water heights. The phase lag was taken 
as the average of the high water phase lag and the low water phase lag with 
180 degrees added to it. For this reason, the non-linear Coe term was 
omitted from the equations of motion. 


Although friction did not seem to distort the sine wave form it was 
left in the equations. The values of Z on the left boundary are inputted into 
the program so that energy is continually being supplied to the model. A 
principal symptomn of computationalinstability is a growth or decay in energy. 
Thus, a frictionless model might become unstable. This is why a relatively 
large friction constant has been used. 


System FUNDY 01 


In the first of the two-dimensional grids, FUNDY 01, a double grid 
length of 2 A 1 = 60,800 ft. was used (Fig. IV. 2 and Table IV. 1). Obviously 
the coast line approximation is not the best but should be sufficient to give 
reasonable cross stream distributions. The model does not extend into the 
far reaches of Chignecto Bay and Minas Basin, where the shoreline 
approximation would be very poor with such a large grid length. Jelesnianski 
(1965) used a patched grid system for storm surge calculations ona 
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continental shelf, with a smaller grid length for points near shore than for 
points far removed from the shore. Detailed calculations can then be 
limited to the near shore grid points. However, a patch grid system is not 
necessary for this study. Details in Minas Channel and Chignecto Bay will 
be studied in a finer grid system, FUNDY 02. The results of grid system » 
FUNDY 01 will serve as a check on the results of grid system FUNDY 02. 


Calculations FUNDY 01 A and FUNDY 018B 


The first two calculations with grid system FUNDY 01 were 
attempts to reproduce the observed M> configuration. In FUNDY 01 A the 
observed M> was imputted at columns m =5 and m= 13. The assumption 
U(m, 4)=U(m, 5) allows Lali calculationvof Ves). )ainAV. 32. 
Calculation of V*U, V2V, V4Z is difficult for points a wesent to the solid 
boundary; for example, the central difference form of V“Z (6, 2) requires 
the value of Z ( 6, 1) whichis undefined. In order to overcome this, it is 
necessary to take the backward difference for 


Ee MRO oes Z(6, 4)-22(6, EEE oh LV. 36 
g 2.2 if 
y (2 Al se : 


The point Z ( 6, 4) is more than half way across to the other side of the bay 
so that ue AS Sieh approximation is poor. The only alternative is to 
neglect cen ; and 2. 5 wherever the central difference form is undefined. 
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In, calculation FUNDY OL 4. .01f boundary values of Z were 
PAIN ge from charts of the Wai wel M> surface and then used to 
calculate V2Z. Values of VU andy V next to the solid boundary were 
assumed to be zero. 


In calculation FUNDY 01 B, V2U, y2U and V%Z were all 
neglected near the boundary. The amplitudes calculated in Fundy 01 A and 
in Fundy 01 B differ at most by 0.1 ft. (Table IV. 2), and the phase lags by 
1.7 degrees. It is evident that neglecting the ve operator at points 
adjacent to the solid boundary is of little consequence. 


The amplitudes calculated in Fundy 01 A and Fundy 01 B differ from 
the observed amplitude by no more than 1% (Table IV. 3). Figure IV. 3 
demonstrates the error in judging the spacing and curvature of the ''observed" 
lines in spite of the fact that we assumed the calculated and observed values 
to be identical at the mouth (column m= 5). From shallow water — 
considerations the corange lines can be expected to be curved with the 
concave side towards the mouth, but in the centre of the model they are 
curved in the opposite direction. Despite this difference in curvature, the 
correlation between calculated and observed values is very good. 
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The agreement between the observed phase lag and the phase lag 
calculated in Fundy 01 A and Fundy 01 B (Fig. IV. 4) is not as good as that for 
the amplitude. This is understandable because the phase lag is generally a 
difficult quantity to determine accurately. The outstanding feature of the 
calculated cotidal lines is that they make a smaller angle with the axis or 
length of the bay than do the observed cotidal lines. The calculated 
difference in phase lag between points on opposite shores in the vicinity of 
Digby, N.S. is greater than expected. The curvature of the cotidal lines, a 
shallow water effect, is also greater than expected. The observed and 
calculated phase lags differ by 3 to 4 degrees near Digby and by 1 to 2 
degrees on the opposite shore. 


Little is known about the stability factor a , soa series of 
calculations was carried out in which a was varied between zero and one. 
The calculations became more stable as a approached 1.0 and unstable as 
a approached 0. The value of a decided upon was . 99, the value used by 
Brettschneider (1963). 


Gaveulation Fundy OL Cc 


The final calculation for the coarse grid system, Fundy 01C,was for 
a barrier at*the mouth of Minas Channel. "This meant setting U (12,5) = 0. 


The tide at the mouth of the bay is assumed to be unaffected by this 
barrier, but this assumption cannot be used for the tide at the entrance to 
Chignecto Bay which is too close to the barrier. Either the Chignecto Bay 
branch could be extended right up to its head (with zero flow), or a barrier 
could be erected at the entrance to both branches of the bay. The latter 
case was selected for Fundy 01 C. 


The amplitude in front of the barrier with U (12, n) = 0.0 dropped 
from. 13.5044) *down ‘to’ 10:9" ft. (Fig. TV. 5): 


The entire corange surface agrees with the previous one-dimensional 
results in that the gradient of this surface decreases towards the barrier. 
The decrease in amplitude, as a percentage of the normal value, is 22% in 
Minas Channel and 18% in Chignecto Bay (Fig. IV. 7). This conforms to 
expectations that perturbations in the Minas Channel branch of the bay will 
have greater effect than those in Chignecto Bay. 


The phase lag is now only 333 to 334 degrees at the barrier sites 
(Fig. 1V.6). Furthermore, the difference between the average phase lag at 
the mouth and the average value at the barrier sites is only 4 degrees. The 
334° cotidal makes an angle of more more than 25° with the longitudinal axis 
of the bay. The tide exhibits strong standing wave character, expecially 
along the northwest shoreline where the difference in phase between mouth 
and barrier appears to be only 1 or 2 degrees. Along the southeast shore 
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the tide also displays standing wave character but to a lesser degree with a 
difference in phase between the mouth and barrier of 5 to 6 degrees. 


The decrease in phase lag caused by the barrier is 9 degrees at the 
barrier site (Fig. IV. 8) and attenuates only gradually towards the mouth of 
the bay. Contrary to expectations, the decrease in phase lag is greater in 
front of Chignecto Bay than in front of Minas Channel. The calculations in 
the finer grid system, Fundy 02, will help to determine whether or not these 
decreases in phase lag are reasonable. 


System Fundy 02 


System Fundy 02 (Fig. IV. 9) has a double grid length of 2 Al = 
25, 760 ft., less than one-half that of system Fundy 01 and the depth is listed 
in Tables 1V. 4 and IV. 5. Fundy 02 definitely approximates the shoreline 
much better than does Fundy 01, but it is not without fault either. The 
worst flaw in grid system Fundy 02 is its approximation to Minas Channel as 
a rectangle with a narrow opening at each end of width 2 Al. The opening 
in the vicinity of U ( 20, 10) is smaller than reality and will cause larger 
than normal gradients in the Ms surfaces at the point U( 20, 10). This in 
turn will flatter the M2 surfaces in Minas Channel. The model also does 
not see the "hook-like'' shape of Cape Split since it cannot describe effects 
on a scale smaller than the grid length. The small scale variations in the 
shoreline can only be incorporated into the calculations by the use of a 
smaller grid length. This would further necessitate the use of a smaller 
time step. The purpose of this study is to look only at the overall tidal 
configuration, and the use of a finer grid length would be impractical. 


The arid points in Fundy 02 are much closer than in Fundy 01. 
Whereas in Fundy 01 boundary values of 2? _ a” and 2 a? were neglected, in 
Fundy 02 they can now be approximated by “the apiropriate backward or 
forward difference approximation whenever the centre difference form 
cannot be obtained. For example, VveZ ( 15, 5) is approximated by 


TViiog 
Cha AY Gi Gh [2 (14, 5) -22(15, 5) +2 (16, 5) | La eACN 


+[2 (15, 5)- 22 (15, 6) +2(15, 7) | SCZ Wye 


With 2 A t equal to 2 lunar minutes and 2 A 1 equal to 25, 760 ft., the 
criterion for computational stability is barely satisfied. To make the 
computations more stable, a smoothing operator is applied to the Z values. 
This technique has been used by Harris and Jelesnianski (1964). If S, is an 
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operator, then the 9-point smoothing operator is defined as 


1 Z2(m-1,n-1)+2Z2(m,n-1)4+Z(m+i1,n-1) IV:38 
So [ z(m, n= = +2Z2(m-1,n)+4Z(m,n)+2Z(m+t+i1, n) 
+Z2(m-1,n+1)+2Z(m,n+1)+Z(m+1,n+1) 


It can be abbreviated as 


LV 39 


where IV. 39 is the ''filter factor form!" of the 9-point smoothing operator. 
Sg cannot always be used. For boundary grid points, some of the 
neighbours of the central point ( m, n) do not exist and more restricted 
forms of the smoothing operator must be used. These are 


IV. 40 


and IV. 41 
8. [2¢m,n)]= 3] 2 2 1| (m,n). 


S32 can be applied to points along a boundary parallel to the x axis, 
or it can be rotated 90° and applied to points along a boundary parallel to 
the y axis. As examples, Ss is applied to Z ( 4, 3), S23 (rotated 90°) to 
Z( 20, 8). Corner points such as Z (9, 3) are not smoothed at all and 
therefore become possible sources of instability. 


Harris and Jelesnianski (1964) stated that the non-linear terms of 
the equations tend to divert energy from the principle harmonic to both 
higher and lower harmonics. The harmonic of wavelength 4A 1 was found 
to be the most troublesome. 51¢, Sg and $3 filter out this high frequency 
harmonic without changing the mean value of Z nor introducing a phase- shift. 


Fundy 02 A 


In this calculation and in calculation Fundy 02 B, the grid system 
shall extend only as far as the column Z( 21, n). The first step is to 
reproduce the natural M> tidal configuration. The values of Z( 21, n) are 
taken as the observed M, tide. 


The calculated My corange surface and the observed corange 
surface are plotted in Figure IV. 10. The difference between them is even 
greater than that found for the calculation of Fundy 01 A (Fig. IV. 3), the 
maximum difference being. 4 foot. The differences between the calculated 
curves of Figure IV. 3 and Figure IV. 10 are small, at most.2ft. The 
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important thing is the greater curvature of the corange lines in Figure IV. 10. 
In all calculations the variables are calculated only at a finite number of 
points. Values of these variables between grid points are found by rough 
linear interpolation. Since system Fundy 02 employs a finer grid length, 

the results from system Fundy 02 contain less uncertainty than those from 
Fundy 01, even though the surfaces agree very well. 


The calculated phase lag of Fundy 02 A by as much as 4 degrees 
from the observed phase lags (Fig. IV. 11). This shows quite definitely that 
the chart of the ''observed'' phase lag in the Bay of Fundy was hydro- 
dynamically incorrect. 


The time relationship between the vertical displacement Z and the 
horizontal components of the velocity for the point ( 10, 7) is shown in 
Figure IV. 12(a). The wave form appears to be reasonably sinusoidal, 
supporting the method of correlating the tide at all the grid points from a 
simple harmonic point of view. The U component is slightly less than one 
quarter period in advance of high water. This difference, as much as 40 
minutes, results from friction, (Fig. IV. 12(b)). 


In numerical calculations for boundary value problems, it is always 
of interest to see how quickly the calculations reach steady state. The 
differences in the amplitude and phase lag for the time of first extremum 
and for steady state are at most. 3 ft. and 2 degrees (Fig. IV. 13 and IV. 14). 
Steady state was reached within three tidal cycles or 37 hours. For example, 
U (20, 10) only took 1. 5 tidal cycles (Fig. IV. 15). In calculation Fundy 02 B, 
it will be shown that whenever the boundary condition of no flow is used (as 
opposed to given values of Z) the calculations are less stable and thus take 
several tidal cycles longer to reach steady state. 


In all the two-dimensional grid systems used here, U and V are 
calculated at different points in space. To obtain current ellipses, the two 
components must be combined vectorially at a common grid point. This is 
carried out by the following relations. 


UATZ (m, n) = U component at the point Z (m, n) 


1 IV. 42 
UATZ (m,n)= 5 [ vaTU(m-1,n)+UATU(m, n) ], 


VATZ (m, n) = V component at the point Z ( m, n) 


IV. 43 
1 
VATZ (m,n)= 9 [ v(m, n-1)+V¢m,n) |. 


We now have 


E> > 


W(m, n) = VATZ(m, n)+UATZ(m,n), IV. 44 


2 .38e- 
where W(m, n) is the resultant velocity vector at the point Z(m, n). 


Therefore 


|W (m,n) 


=\/ vaTz (m, ny" +UATZ (m,n) . aie 


In these solutions, VATZ (m, n) and UATZ(™m, n) are taken as harmonic 
functions of the type 


VATZ= VATZ cos( w t-g)-> IV. 46 
max 


Differentiation of IV. 45 with respect to t leads to the solution for the 
orientation, magnitude and phase lag of the major and minor axis of the 
current ellipses. The axes of these ellipses are plotted in Figure IV. 16. 
Over most of the Bay of Fundy, the tidal streams are of an alternating 
character. Only near the mouth, on the inward side of Grand Manan Island 
are the streams rotating. When the tidal streams do rotate, they rotate 
clockwise. 


Anréexample,afor therpoint Z-(37-10-)5 ois found:in:FigureslV. 17. 
Most of the streams have their axes nearly parallel to the longitudinal axis 
of the bay. The largest streams are found in the vicinity of Minas Channel. 
The phase lags of the major axis of the current ellipses display a somewhat 
irregular pattern (Table IV. 6), particularly towards the mouth of the bay. 
The rotating nature of the currents there make it difficult to determine the 
orientation of the major axis accurately. 


The co-amplitude lines of the U component of the velocity converge 
at the corners of the model as one would expect (Fig. IV. 18). The U 
distribution across the channel is very smooth and goes to zero quickly very 
close to the shore. The size of the grid length prevents close examination of 
the U contour near the shore. 


The average value of U along cross section m= 2 is roughly 
2.7 ft./sec. In the analytical model a value of 2.5 ft./sec.was found for the 
same cross section. The difference of 0. 2 ft./sec. can by explained by the 
omission of friction in the analytical model. These values are also in 
general agreement with Forrester (1958). 


The V component of the velocity is small generally except at the 
mouth of the bay, which makes it difficult to determine the time of 
maximum V. This uncertainty is probably another cause of the 
irregularities in the phase lags of the major axis of the current ellipses. 
Where the current is of an alternating character, the phase of V is either 
equal to or 180° out of phase with the phase of U. This causes the 
alternating current to be oriented at a small angle to the longitudinal axis 
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of the bay. 
Calculation FUNDY 02 B 


In calculation FUNDY 02 B, the entrances to Chignecto Bay and 
Minas Channel were closed by setting U ( 20, n) = 0, making calculation 
FUNDY 02 B very similar to calculation FUNDY 01 C. The gradients in the 
co-range surface decrease rapidly towards the barrier site (Fig. IV. 19), 
and in this case, the tidal wave behaves as a standing wave (Fig. IV. 20), as 
demonstrated by the 3 degree difference in phase lag between Grand Manan I. 
and Cape Chignecto. 


The barriers in front of both channels of the bay are parallel, 
causing the lines of equal U amplitude to lie parallel to each other directly 
in front of the barrier (Fig. IV. 21). The values of Z at the mouth have been 
assumed to be unaffected by the barrier so that the perturbed U amplitude 
surface is similar to the normal U amplitude configuration (Fig. IV. 18). The 
main difference is that the average value of U across the mouth is now only 
2.0 ft./sec. In the analytic solution the value of U at that cross section for 
the same boundary conditions was 2. 1 ft./sec. 


The percentage decrease in M> amplitude (Fig. IV. 22) (caused by 
setting U( 20, n) = 0) are 21% and 27%, respectively, at the barrier sites 
in Chignecto Bay and Minas Basin. 


Although the two sets of results differ in value, there are several 
similarities. Firstly, the ratio of the percentage decrease at the Chignecto 
Bay barrier site to that at the Minas Channel barrier site is the same for 
both calculations. Secondly, the shape of the surfaces in the two 
calculations is similar. It has been explained that any numerical 
approximation to the length or width of any body of water is limited to 
integral multiples of 2 Al. The grid lengths for FUNDY 01 and FUNDY 02 
differ by a factor of 2, so that their approximations to the physical size and 
shape of Minas Channel and Chignecto Bay also differ. 


The surface representing the decrease in the M> phase lag appears 
to lie symmetrically about the longitudinal axis of the bay (Fig. IV. 23). 
Near both shores, the contours curve away from the barrier, giving the 
surface the shape of a trough slanted downwards towards the mouth of the 
bay. 


Judging from Figure IV. 22 and IV. 23, the effects of the Chignecto 
Bay - Minas Channel barrier are relatively large. The perturbation 
attenuates at a constant rate between its large value at the barrier and its 
zero value at the mouth,indicating that the assumption of no effect upon Z at 
the mouth is not entirely valid. The outer boundary of the model should 
perhaps have been extended much farther out into the Gulf of Maine. 
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However, the tidal configuration is not known accurately there. A better 
choice may have been a line across the bay on the ocean side of Grand 
Manan I., but this would mean the inclusion of Passamaquoddy Bay where 
the narrow entrances would necessitate the use of a very small grid length. 


Calculation FUNDY 02 C 


This calculation is essentially the same as FUNDY 02 A except 
that the northeastern boundary has been extended in both channels. As 
expected, the M> corange surface (Fig. IV. 24) agrees with calculation 
PUN OY Ocea (big, 1V.10). The M> covrdal"surfate (Pip. IV. 25)"aleo agrecs 
with FUNDY 02 A. The large gradient in Minas Channel is caused partly by 
the blocking effect of Cape Split and partly from a crude approximation of 
the entrances to Minas Channel and Minas Basin. 


Three additional cases will be considered, two of which include a 
single barrier, and the third both barriers. These cases will be designated 
Pea Yo Om Dy ie tand' F. 


Carculation FUNDY OT D 


In the first of these calculations, a barrier was erected near Cape 
Split by setting 


Read. Ory i=)..0 IV. 47 


The tide at the head of Chignecto Bay was assumed to be unaffected by this 
Dertiver: te. (cs, ©) was taken as the observed M> ‘tide’ This isa 
simple but poor assumption since Z ( 24, 6) is close to the barrier site. 


The resulting corange surface is plotted in Figure IV. 26. The tide 
has decreased almost 3 ft. in Minas Channel and the corange surface is 
almost flat. Between the entrance and the end of Minas Channel the 
difference in amplitude is roughly . 3 ft., whereas normally it is over 1. 5 ft. 
Over the rest of the bay there seems to be little change in the corange 
surface. 


The difference in phase lag between the entrance and end of Minas 
Channel was also decreased appreciably, showing now a range of 2 or 3 
degrees as compared to the normal range of 10 degrees (Fig. IV. 27). 


The maximum decrease in amplitude is 14% at the barrier site. 
The effect is localized because of the constriction (in both width and depth) 
at the entrance to the channel. What little of the perturbation that does 
survive the constriction is attenuated quite quickly, although in the main 
part of the bay the gradient is not as large as in Minas Channel. Near the 
mouth of the bay the perturbation is barely felt. 
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The difference between the decrease in amplitude of 14% in FUNDY 
02 D and the value of 20% in the analytic model is partly explained by the 
fact that the analytic model has a condition of no flow at the head of 
Chignecto Bay while this model (FUNDY 01 D) has no such condition,(see Fig. 
DVG.26): 

The constriction at the entrance to Minas Channel also affects the 
decrease in phase lag (Fig. IV. 29). In fact, the gradient is larger at the 
constriction than it is at the barrier site. The effect of the barrier upon the 
phase lag is even more localized than the effect upon the amplitude, so that 
the assumption of no effect upon the vertical tide at the mouth of the bay is 
quite reasonable for calculation FUNDY 02 D. 


Calculation FUNDY 02 E 


In calculation FUNDY 02 E, a single barrier in Chignecto Bay is 
considered, with the boundary condition 


Wi 24.°6)) ="02.0 IV. 48 


The tide at the entrance to Minas Basin (Z ( 24, 10) is inputted as the 
observed M97 tide. At the barrier site, the amplitude is now 12. 5 ft., a 
decrease of about 1. 5 ft., and the corange surface becomes extremely flat. 
The resulting corange surface (Fig. IV. 31) is also very flat in Chignecto Bay. 
At the barrier site, the phase is less than 344 degrees, with little change 
from the normal configuration. 


The maximum decrease in amplitude is 12-13% at the barrier site 
(Fig. IV. 32). Once again, this perturbation is localized, even more so than 
that for calculation FUNDY 02 D(Fig. IV. 28). The maximum decrease in 
phase lag is only 5 degrees (Fig. IV. 33). The perturbation does not 
propagate very far (the best example of localization in this study) and is an 
indication of the relative unimportance of Chignecto Bay in the Bay of Fundy 
system, 


Calculation FUN DY 02.5 


In this last calculation of barriers in the Bay of Fundy, the barriers 
of FUNDY 02 Dand FUNDY 02 E are erected simultaneously by setting 


IV. 49 
U ( 24, 6) =U ( 24, 10) =0.0 


The corange surface (Fig. IV. 34) undergoes an appreciable decrease 
in amplitude but not as large a decrease as in calculation FUNDY B (Fig. IV. 
19). In Chignecto Bay, the maximum amplitude is 11. 5 ft. and in Minas 
Channel, 11.9 feet. The corange surface is again flat in front of the 
barriers, being flatter in Chignecto Bay than in Minas Channel, 
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The maximum phase lag is 334 degrees in Minas Channel and 334 - 
335 degrees in Chignecto Bay. The tendency towards standing wave 
character between Grand Manan I. and Cape Chignecto is again apparent, 
with a phase difference of only 4 degrees, (Fig. IV. 35). 


The percent decreases in amplitude are 19 - 20% and 20 - 21% 
directly in front of the Chignecto Bay and Minas Channel barrier sites, 
respectively (Fig. IV. 36). The 13% contour indicates that the effect from the 
Chignecto Bay barrier attenuates faster than does the effect from the Minas 
Channel barrier. This is also shown by the slope of the lines between 1% 
to 12%. 


The greatest decreases in phase lag are 24 - 25 degrees in Minas 
Channel and 13 degrees in Chignecto Bay (Fig. IV. 37). This is a ratio of 
almost 2 to 1 and yet‘the phase lag perturbation from the Chignecto Bay 
barrier propagates further down the bay than does the effect from the Minas 
Channel barrier. The smaller effect on the southeast shore of the Bay of 
Fundy is again due to the constriction at the entrance to Minas Channel 
where we find an extremely large gradient in the surface of decrease in 
phase lag. The perturbation as a whole is large and travels right down the 
bay, again indicating that the assumption of no effect upon Z at the mouth is 
not good. 


Correlation of FUNDY. 02, C, D, EandF 


In calculations FUNDY 02 D and E, the assumption was made that a 
barrier in one channel did not affect the vertical tide in the other channel 
and vice versa, an obviously incorrect assumption. For each of calculations 
FUNDY 02 Dand FUNDY 02 E only one result can be taken as reasonably 
valid, namely the decreases as calculated for that area immediately in 
front of the barrier. We will now attempt to get an estimate of the effect of 
the barrier at each channel upon the tide at the end of the other channel. 
This crude estimate requires the results from calculation FUNDY 02 F, 
which included both the barriers at the same time. Only the percent 
decrease in amplitude will be discussed here. 
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In calculating the effect of the Minas Channel barrier at the barrier 
site, the following configuration was used. The ''hash marks" indicate a 


barrier. 
0% 0% 0% 
minus equals 
15% 0% 15% 


Fundy 02 D Fundy 02 C 
Ei gL so 


The maximum effect of the Minas Channel barrier at the end of the Chignecto 
Bay is estimated as follows: 


20% 13% 7% 
minus equals 
21% 0% 21% 


Fundy 02 F Fundy 02 E 
Fig/iVaog 


The maximum effect of the Chignecto Bay barrier upon the tide at . 
the end of Minas Channel is estimated in similar manner. 


= 39° - 


20% 20% 
minus equals 
21% 15% 6% 


Fundy 02 F Fundy 02 D 
. Fig. IV. 40 


Admittedly, this is a weak method. These estimates should be 
regarded only as upper limits of the perturbation in the opposite channel, 
and in all probability, the real value is less than these maximum values. 


Similar reasoning was applied to the phase lags, and the results are listed 
below. 


Ms, AMPLITUDE Decrease in Decrease in 
amplitude of amplitude of 
Zee (aos ey ZR FUN 1233 36") 
(Minas Channel) (Chignecto Bay) 
Se ee Fe ES EE ee a I OS ee SRR I SS AT 6A a eS I 


10 ) = 0 only 
le Channel 15% at most 7% 
barrier) 
UO2s;) Ch = only 
at most 6% 13% 


(Chignecto Bay 
ee s 


barrier) 


U2 oO; 
ULE Zee LOL) =: 0 
(both barriers) 
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M> PHASE LAG Decrease in phase Decrease in phase 
lag of lap oP ZATU (23a; © ) 
ZATUACZS aL Un) 


U-( 23;. 108)n=:0 only 
(Minas Channel 
barrier) 


U ( 23, 6) = 0 only 
(Chignecto Bay 
barrier) 


U (23,6) = 
U,(, 235,10 ).= 
(both barriers) 


The above results look very reasonable with one exception, the 
effect of the Chignecto Bay barrier upon the phase lag in Minas Channel is 
closer to zero rather than a 5% decrease. 


Calculation FUNDY 02G 


dU 
the largest advective term in the expansion of =~, was 


dx 

previously neglected because of its non-linearity. It will now be included in 
calculation FUNDY 02 G. The boundary condition at the head of the bay is 
identical to FUNDY. 02 F) thats, “UU ( 23...) = 


UU 


xX? 


A typical value of U, U(18, 7), is plotted as a function of time 
(Fig. IV. 41), one case with the UU, term included in equation IV. 1 and the 
other with this term omitted. The inclusion of the UU, term not only 
results in the displacement of the curve by . 1 ft./sec. in the positive 
direction, but the time of maximum is advanced and the time of minimum 
delayed, both by not more than 15 - 20 minutes. The curve now has a 
slight ''sawtooth'' shape which can be interpreted as wave breaking. 


Similar effects are seen in the Z values. In a comparison of 
Z (23, 6) in FUNDY 02'F and FUNDY 02 G, the time of maximum in 
FUNDY 02 G was found to be advanced by 20 minutes (Fig. IV. 42) and the 
maximum height was lowered by less than. 1 ft. The time of low water was 
delayed but the minimum was lowered by. 2 ft. (Fig. IV. 43), so that the Z 
values have also become slightly sawtooth and have been displaced in the 
negative direction (Table IV. 7). 
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The advancement of high water and delay of low water is found over 
the whole bay (Table IV. 8). Near the head of the bay, the absolute value of 
low water is substantially greater than the absolute value of high water. 
Furthermore, the time of low water plus 180° is much later than high water. 
Low water seems to display progressive wave characteristics while high 
water displays standing wave characteristics which implies that the 
difference in the time of low water between two stations should be greater 
than the difference in the time of high water between the same two stations. 
This was checked by examining tidal records for St. John and Grindstone I. 
The high water time differences are less than the low water time differences 
(Table IV. 9); the average value is 9 minutes less. A scrutiny of several 
other tidal records showed similar trends. 


When the average amplitude and phase lag with UU, included are 
compared with those values obtained without UU,, (Tables IV. 10 and 11), 
there seems to be only a slight difference at the head of the bay. The values 
with UU,, are at most 1/2 degrees earlier and. 07 ft. less than those values 
without UU,,. 
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In this calculation, all depths were set to the constant value of 
240 ft. the average depth’ of the bay within the model. “The boundary 
conditions are identical to FUNDY 02G. The difference between the 
armplitudes,of calculationsi\ FUNDY 02H and FUNDY 02 G were calculated 
(Table IV. 12). Over most of the bay, the constant depth model gives larger 
amplitudes than with natural depth. The maximum difference is . 35 - . 40 ft. 
in the neighbourhood of columns m=11l and 12. It is in this area that the 
normal depth averages about 240 ft.; towards the mouth, the depth is greater 
than 240 ft. and towards the head it is less.. The effect of setting the depth 
constant to 240 ft. is to decrease the depth near the mouth and increase the 
depth near the head. The amplitude of Z has increased near the mouth and 
decreased near the head. It would seem that changes in depth have an 
inverse eliect upon the amplitude’or Z. 


The difference in phase lag between FUNDY 02 G and FUNDY 02H 
isaiso emalitveple TV 13), the maximum being only 2.7 degrees, The 
pattern in Table IV. 13 is as expected; the tidal wave travels slower if depth 
is decreased and faster if depth is increased. This pattern cannot be 
determined accurately, the uncertainty in the values is +(.54.5)= 
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Energy can be expressed as 


B= = f Lez scv?+v?yu] ds pen 
Bo hii 


where S = surface area 
A = region being considered 
H = total depth 


The Bay of Fundy has already been divided into a fine grid for our 
finite- difference solutions (grid system FUNDY 02), so that the above 
integral can be evaluated conveniently by numerical quadrature. The term 
eZ dS is assessed at the Z points, where dS is the square surface of area 
(Aira 1)* centred on the Z point. U*HdS and V¢HdS are evaluated similarly 
at the squares centred at the U points and V points, respectively. 


For example, the maximum kinetic energy in the left most column 
(m= 2.) in the x direction is 


kin 


ee D [vce ny? a (2, ny(241)7| Vv. 2 


n=2 


1.9 x 10!3 foot-pounds (ft.- 1b.) 
7.2.x 10© kilowatt-hour (kw-hr) 
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The maximum potential energy * in the same column is 
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n=2 


=1.4x 10!3 £t.-1b. 
=5, Bie 00 lege Shin: 


These are approximate values because only the maximum values of U and Z 
were used, and the small phase lag differences were neglected. While the 
kinetic energy here is slightly larger than the potential energy, they are 
well within the same order of magnitude. 


* Potential energy here is calculated with respect to local mean sea level. 
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By again neglecting the phase lags, the maximum potential energy 
of various sections of the Bay of Fundy system can be estimated. These 
values were found to be 


Area Potential Energy 
Main part of Bay of Fundy 24. Ose 1013 0 ft-lbs 
Minas Channel dis i ep Oe > ashe = 1, 
Chignecto Bay Be A ac LOLS. ££. 1p, 
Minas Basin 9, 3. xs013 « ft-lb, 


Total = 41.0 x 1013 £t.-Jb. 
= 1,55x108 kw.-hr. 


In the event a barrier is built and water stored, it is the potential 
energy of the water behind the barrier which will determine the power 
output. The Minas Channel - Minas Basin system has more than twice the 
potential energy of Chignecto Bay. A dam built in the upper reaches of 
Chignecto Bay, such as the junction of Cumberland Basin and Shepody Bay, 
will have perhaps less than 1. 0 x 10!3 ft.-lb., but a dam at the entrance to 
Minas Basin (at Cape Sharp) will still have a potential of 9. 3 x LOL? ftyaib. 
Minas Basin also has much more potential than Passamaquoddy Bay, but the 
latter is suitable for a multi-pool project while Minas Basin is only suitable 
for a one-pool project. 


Note: Since the potential energy is w.r.t. local mean sea level, the 
above values are estimates of the maximum power output of a dam 
only if: - 
Y. during flood tide the pool behind the barrier reaches the 
present normal maximum water level, and 


2. during ebb tide, the pool is allowed to empty as low as 
the local mean sea level. 


If low water in the pool is lower or higher than mean sea level, 
then the maximum power output will increase or decrease 
accordingly. 
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Wale SUMMARY AND REMARKS 


The large tides in the Bay of Fundy appear to result from the 
shoaling effect (convergence of depth) and the partial resonance of the semi- 
diurnal tidal constituents. Since the Mz represents 86% of the mean spring 
range where the ratio (O, + K,)/(M2 + So) is only . 08, it is reasonable to 
limit the study to the M>. The M2 is amplified by a factor of 3 from the 
Atlantic Ocean to Grand Manan I. and by a further factor of 2 from Grand 
Manan I. to Cape Split. 


The first approach to the problem was a numerical solution to the 
one-dimensional hydrodynamical equations using finite- difference techniques, 
which predicted a 20% decrease in amplitude and 13 degree advance in phase 
lag at the barrier site for a barrier at Cape Sharp. Here, quadratic fiction 
was employed, but a frictionless, analytic solution for a similar 
schematization also predicted a 20% decrease. 


Since the tidal configuration in the Bay of Fundy varies two- 
dimensionally, much of this study was carried out with several two- 
dimensional models, which also employed finite-differences. This 
permitted the inclusicn of the Coriolis accelleration. Calculations were 
carried out for various grid lengths and for various barriers in Chignecto 
Bay and Minas Basin, the results of which were in general agreement with 
the previous one-dimensional calculations. The models, of varying grid 
lengths, cannot give identical answers because they can only approximate 
the shoreline to integral multiples of the grid length. The use of finer grid 
lengths would not improve the accuracy of the results because the tide at 
the mouth of the bay has been assumed not altogether correctly to be 
unaffected by the barrier, besides which the computational time would also 
increase greatly. 


Several other calculations were also included. The inclusion of 
the UU,, term in the equation of motion caused the tidal wave to break. 
Furthermore, the time of high water between two stations was less than the 
time of low water between the two stations, substantiated by the examination 
of tidal data for St. John, N. B. and Grindstone I. A calculation for a 
constant depth model indicated that shallower water causes larger 
amplitudes. 


The effect of tidal barriers upon the phase lag is of minor 
importance while the effect upon the amplitude is the important issue. For 
a single-pool power dam, the water is allowed to enter and fill the pool 
behind the gates during flood tide and emptied through the turbines during 
ebb tide, so that the effects of the dam would probably be much less than 
those predicted for complete barriers. In view of the moderate decreases 
in amplitude found for complete barriers, we conclude that a power project 
at the head of the Bay of Fundy would not cause critical decreases in tidal 
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amplitude. On the basis of potential energy, Minas Basin is more desirable 
for power extraction than Chignecto Bay, but Minas Basin contains several 
deep trenches, which would increase construction costs. We have shown 
where the greatest energy potential is, but economic considerations are 
equally important; such judgement is beyond the scope of this study. 


Several extentions of this study may prove very useful. Closure 
operations will cause the already large tidal current to increase 
astronomically so that models must be developed to provide tidal and 
current predictions during this transient state. Needless to say, these 
models will be very complex and development should begin well in advanced 
of construction. A study of storm surges must also be carried out to ensure 
that adequate allowance is made for extreme meteorological conditions. 
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A TEMPERATURE-SA LINITY PLOTTING PROGRAM 


J.R. Wilson 


The computer program described here provides 
for the production of temperature-salinity diagrams 
from serial oceanographic observations. 


The program has been assigned the number 
G20409, 
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TEMPERATURE-SALINITY PLOTTING PROGRAM 


Program Function 


The program (Table 1) has been developed to produce standard oceanographic 
temperature-salinity diagrams (Fig. 1) using the Departmental Control Data Corpo- 
ration 3100/Calcomp 750 plotting system. The dimensions of the plot, the ranges of 
the axes, and the code for the symbol to be drawn at each plotted point are read in 
from a card at program execution time. These parameters can therefore be changed 
by punching a new control card. 


Temperature values having an illegal overpunch and points lying outside the 
range of the axes are not plotted but are logged on the on-line printer. 


Table 1. 


A compilation listing of the FORTRAN source program for the main 
program and the two subprograms. 


3200 FORTRAN (2.1) 29/07/66 


PROGRAM MAIN 
TEMPERATURE=SALINITY PLOTTING PROGRAM 


J Rk WILSON 
OCEANOGRAPHIC RESEARCRK DIVISION 
JULY 1966 


XxXQree A Oe) 


COMMON MBUFF (20) s I CARN sLUNeNPRINTER«NPLOTIT «e TEMP9 SAL oNPOINT 9 NPLOT ON 
LERROR«SLeTLeoSMINeg TMINGSINCo TINCe SLNGs TLNGe IMARK 9 SMAX 9 TMAX 
1CARD “= 64 
LCN SO 
NPHINTER = 61 
WRImO Tl oe] 
NPOTNT = NPLOT = NERROR = Q) 
REAL (TCARDs2001) St »oTLeSMINesTMINgSINCe TINCeSLNGs TLNGs IMARK 
SMAX = SMTNi "+ “SLNG 
TMAX = TMIN + TLNG 

TO> CALE READGETRI 
CAL RPL OM 
GO TO 10 

COO” PORMAT CBE Gal. 14) 

END 


3200 FORTRAN DIAGNOSTIC RESULTS =- FOR MAIN 


NO ERRORS 
3200 FORTRAN (2.1) 29/07/66 


SUBROUTINE ERROR 
COMMON MBUFF (20) es ICARN+LUNyNPRINTEReNPLOTI« TEMP SAL eNPOINT oNPLOT ON 
LERRORs SLo TL eo SMINe TMINe SINCs TINCe SLNGs TLNGs TMARK 9 SMAX 9 TMAX 
WRITE (NPRINTER94001) (MBIIFF (1) 9 T=1920) e TEMP» SAL 
NERROK = NERROR + ] / 
RETURN 
400) FORMAT (17HOINPUT DATA ERROR/1H e20A4,2E17-3) 
END 


3200 FORTRAN DIAGNOSTIC RESULTS = FOR ERROR 


NO ERRORS 


100 
110 


120 


125 


130 


UE be) 
140 


150 


160 


170 


— 


Table 1 (cont.) 


3200 FORTRAN (21) 29/07/66 


SUBROUTINE READCTRL 

DIMENSTON LARRY (3) 

COMMON MBUFF (20) » ICARNeLUN»sNPRINTER»NPLOTT «oe TEMP» SAL »NPOINT oNPLOT oN 
ERROR + SLeTL eo SMINe TMINeSINCe TINC s SLNGo TLNGe IMARK 9 SMAX 9 TMAX 
TEeMRs = 2S Alles 20) 

READ (ICARD»s2001) (MBUFF (I(T) o1l=1e209) 

IF (MBUFF .EQe4HENDP) 120910 

IF (MBUFF .EQe4HENDJ) 130920 

DECODE (8042002 sMBUFF) NTEMPsNSAL oITYPE 

LEIOCE DY PE SE0'3) (30's 5 

IF (NTEMP.EQe60606060R eORENSAL oEQ- 606060608) 5940 
DECODE (80¢2003eMBUFF) NSTEMP»TEMPL » SALHeoNSALL 

If (NSTEMP.6GT-118) 50,570 

TEMPL = ~-~TEMPL 

IF (NSTEMP.GEe40BeAND.NSTEMPeLE e518) 65955 

IF (NSTEMP.EQ.52B8) 80.125 

NSTEMP = =(NSTEMP =- 408) 

TEMPL = NSTEMP#]0 * TEMPL 

TEMP = TEMPL 

IF (NSALL.GTellB) 1006110 

NSALL = 0 

SAL = SALH + NSALL/1000- 

RETURN 

CALL ENDPLOT (LUN) 

NP OT =a 

GO 0S 

CALL ERROR 

GOO eS 

CALL ENDPLOT (LUN) 

WRITE (NPRINTER 94001) NPOINTs»NPLOT »NERROR 

Saver 

ENTRY PLOT 

TIF (TEMP eGEe TMINe AND ce TEMP e-LEe TMAX ec AND eo SAL eGR eSMINeCANDe SALLE eo SMAX) 


11359195 


IF (NPLOTT-EQe1) 1409190 
CALL AXISXY (LUNeSLeTLeSINCsSLNGs TLNGs SMIN»s TMINsSMINe TMINg TINC) 
SSGALCE. ='SUENG/SL 

TSCALE = TLNG/TL 

XPOS = SMIN = SSCALE 

YPOS = TMIN = 0.08*TSCALE 

YPLOT = TMIN 

CALL PLOTXY (XPOSsYP0S9090) 

ENCODE (444002sLARRY) YPLOT 

CALL LABEL (49290+LARRY) 

YPOS= YROS) 40h ENC 

TPLOT f= YeOLOn & 1 INC 

IF (YPOSeGTeTMAX) 1602150 

APOS “= SHIN GS Wiees*SSCALe 

YPOS = TMIN * TLNG/2. = 1,35*TSCALE 
CALL PLOTXY (XPOSsYP0S9090) 

ENCODE (1194003eLARRY) 

CALL LABEL (119393eLARRY) 

XPOS = SMIN = 0631*SSCALE 

YPOS = TMIN = 063#TSCALE 

YPLOT = SMIN 

CALL PLOTXY (XPOSsYP0S9090) 

ENCODE (444002sLARRY) YPLOT 

CALL LABEL (49290s9LARRY) 

XPOS = XPOS * SINC 

YPLOT = YPLOT + SINC 

IF (XPOSeGTeSMAX) 180.170 


JRO XPOS = SMIN + SLNGs?2. 


Table 1 (cont. ) 


Ce reer rset ls 


YPOS = TMIN - 068#TSCALE 
CALL PLOTXY (XPOS ¢YPOSe090) 


ENCODE (8¢4004eLARRY) 


CALL LABEL (893+0eL4RRY) 


NPE ORT == "9 
NEON = NP LOT. +") 


190) CALE *PEOTXY “CSALS TEMP .09 1MARK) 


NTO MINAL “Es SINS OER Pes a 
RETURN 
195 CALL ERROR 
KE TURN 
Cite FORMAT SGAniAG) 


eunme FORMAT (BPX eA4Ge 1 XeA4e2HXeJ] 1) 
LOOSE EOEMAT | (C3IPXKGRI sF Se 2enlvsF4.2eR]) 


4001 FORMAT (1H1916s23H POTNTS WERKE PLOTTED ON«1398H GRAPHS./169514 ERR 


JONEOUS OR “OUT OF RANGE POTNTS WERE ENCOUNTERED e/12H END OF JOR.) 


4002 FORMAT (F4.)) 


4003 FORMAT (1]HTEMPERATURE) 


40.04 FORMAT (8B8HSALINITY) 
EN) 


3200 FORTRAN DIAGNOSTIC RESULTS 


NO ERRORS 


LOAD+56 
RUN 510 


Computer Configuration 


The input is from the card reader. 


te LON a! RE ANCTRL 


The output consists of error messages 


and an end-of-job summary on the on-line printer (Table 2) with a Calcomp plotter 


tape on logical unit 01. 


It is unlikely that the program could be operated in unmodified form on other 


computer systems, including CDC-3100 systems, as they would not have compatible 


plotter subroutines. 


Table 2. 


A sample of the log of out-of-range data encountered and the end-of- 
job summary. For each out-of-range point encountered the phrase 

"INPUT DATA ERROR", an 80-column image of the data card, and 
the values of the temperature and salinity are printed. Only 4 of the 
32 out-of-range points encountered in this job are shown in the table. 


INPUT J)ATA ERROR 
18137104009000026261 09] 10650000A0020A429927 


INPUT DATA EXRRQK 
1813710400900002626109] 106500UBANU 32AZ9Y926 


INPUT DATA ERROR 
1813704800911802626109111130000A000 3429970 


INPUT DATA ERKOR 
18137048009) 18026261 091111 3000HAND0BA2997 2 


1654 POINTS wteRE PLUTTEU ON 4 GRAPHS. 


24034432 


24) 34439 


24044425 


24084428 


32 ERRONEOUS OR OUT OF KANGE POINTS wERE ENCOUNTEREN. 


END OF JOB, 


3440493 


3440493 


34405)3 


3440513 


2e.000E-01 
3e200E-01 
3.000E-02 


B8.000E-V2 


20.993E 


20993E 


2099TE 


2.99TE 


0} 


0} 


01 


01 


10 


Input Deck Structure 


JOB, G20409, CODC, 10 


Be ete 


gE quip, 01=MTCOEOUOL 


. (binary program deck) 


ae UN, 10 


(plot control card) 


. (data deck containing temperature-salinity observations 
- for first plot) 


g 


ENDP 


- (data deck containing temperature-salinity observations 
for second plot) 


The JOB and EQUIP cards are explained fully in the Control Data Corporation 
3200 Scope - Compass Reference Manual (Anon,., 1964), The equipment assignment 
in the example above will result in the plotter tape being produced on channel 0 unit 1. 
The run card is also explained in the Scope-Compass Manual. 
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Figure 2. A photographic reproduction of a sample plot control card. 
Field 1 specifies that the salinity or X-axis is to be 10 inches long. 
Field 2 specifies that the temperature or Y-axis is to be 8 inches long. 


Field 3 specifies that the minimum value of salinity is to be 30 parts 
per thousand. 


Field 4 specifies that the minimum value of temperature to be plotted 
is -2 degrees. 


Field 5 specifies that the salinity axis is to have a tick at 1-part-per- 
thousand intervals. 


Field 6 specifies that the temperature axis is to have a tick at 1-degree 
intervals. 


Field 7 specifies that the salinity axis is to be 5 parts per thousand in 
length. 


Field 8 specifies that the temperature axis is to 8 degrees in length. 


Field 9 specifies that a large vertical cross with the datum at its 
centre is to be drawn at each temperature-salinity point. 


Lar 


The format of the plot control card (Fig. 2) is as follows: 


Columns 1-6. 


Columns 7-12. 


Columns 13-18. 


Columns 19-24. 


Columns 25-30. 


Columns 31-36. 


Columns 37-42. 


Columns 43-48. 


Columns 51-52. 


Length of the X-axis in inches to tenths of inches with the decimal 
point in column 5. 


Length of the Y-axis in inches to tenths of inches with the decimal 
point in column 11. 


Minimum value of the salinity to appear on the X-axis In parts per 
thousand to tenths of parts per thousand with decimal point in 
column 17. 


Minimum value of the temperature to appear on the Y-axis in 
degrees to tenths of degrees with the decimal point in column 23. 


The interval in parts per thousand to tenths of parts per thousand 
of salinity at which ticks are desired on the X-axis with the decimal 
point in column 29. 


The interval in degrees to tenths of degrees at which ticks are 
desired on the Y-axis with the decimal point in column 35. 


The length of the X-axis in parts per thousand of salinity to tenths 
of parts per thousand with the decimal point in column 41. 


The length of the Y-axis in degrees to tenths of degrees with the 
decimal point appearing in column 47. 


A two-digit code to indicate the symbol to be drawn at each plot 
temperature-salinity point. 


The two-digit codes for the various symbols available are listed below. Odd 
numbers define small marks while even numbers define marks which compare to the 
odd-numbered marks but are about twice as long. 


1-2. Up arrow, with datum at the point. 
3-4. Right arrow, with datum at the point. 
5-6. Down arrow, with datum at the point. 
7-8, Left arrow, with datum at the point. 
9-1 


-10. Vertical cross, with datum at its centre. 
11-12. X within a box, with datum at its centre. 
13-14, Hourglass-shaped dot, with datum at the lower left corner. 
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‘ross, with datum at its centre. 


17-18. Vertical carat, with datum at the point. 

19-20. Horizontal carat, with datum at the point. 

21-22. Right angle, with datum at intersection. 

23-24. Right angle, turned 180 degrees, with datum at intersection. 
25-26. Tee, on its side, with datum at intersection, 


27-28. Tee, with 


datum at the intersection. 


29-30. Vertical bar, with datum at its centre. 
31-32. Horizontal bar, with datum at its centre. 
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Figure 3. 


OPERATING INSTRUCTIONS 


Operator 
Comment 


JOB REQUIREMENTS 


A photograph of a sample computing request form. 
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A completed computing request form (Fig. 3) is forwarded to the Computing 
Centre along with the program deck and data deck for each run of the program. The 
data decks consist of cards in the standard Canadian Oceanographic Data Centre 
format (Anon., 1965). All cards are ignored except the observed cards which contain. 
a 3 punch in column 80, 


There are two control cards which can be used to cause the computer to draw 
new axes or to indicate the end of job. These cards are ENDP and ENDJ. ENDP 
and ENDJ are punched in columns 1 through 4 of a card. The ENDP card can appear 
anywhere in a data deck and will cause all succeeding temperature-salinity points to 
be plotted on a new graph, The ENDJ card will appear as the last card in the data 
deck, 


The card containing 7-8 punches in columns 1 and 2 is the normal end-of-job 
card required by the SCOPE monitor system. 


Computations and Quality Control 


All cards not having a 3 punch in column 80 are ignored by the program, 
Cards having a 3 in column 80 are checked so that both temperature and salinity are 
coded. If one or both are absent, thé card is ignored. If both are present a check is 
performed to see that the values are within the range of the axes, If the values are 
outside the range of the axes or if the temperature field contains an illegal overpunch, 
an error message is generated on the printer and the card is ignored. If the values of 
temperature and salinity are within the range of the axes the plotter pen is moved to 
the correct location and the symbol indicated by columns 51 and 52 of the plot control 
card is drawn. 


Output 


Error messages and the end-of-job summary are generated on the on-line 
printer. The error message consists of an 80-column image of the card plus the 
values of temperature and salinity written in exponential form, If the cause of the 
error message was illegal overpunch in the temperature field, the temperature and 
salinity will be printed as 0. 


The plotter tape is written on channel 0 unit i. At the end of the job it should 
be removed and forwarded to the Calcomp 750 system for plotting. 


REFERENCES 
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Data Centre. 
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A NOTE ON THE PRECISION OF SERIAL TEMPERATURE DATA 


F.G. Barber 
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Serlal oceanographic data obtained on a survey in Hudson Bay during the 1961 
navigation season in the motor vessel "Theta" have been reported in a publication of 
the Canadian Oceanographic Data Centre (Anon., 1964). In this it was indicated that 
the tabulated temperature data are significant to 0. 037C °; it will be shown that this 
value should have read 0.027C°. The values were calculated using a technique 
described by N. P. Fofonoff in an undated memorandum of the Pacific Oceanographic 
Group, and in a later (1963) discussion of the precision of oceanographic data relative 
to calculations of the speed of sound in sea water. 


During the planning for the survey, it was considered that there would exist 
an opportunity to progress understanding of the precision of serial temperature 
observations. Upwards of two hundred station occupations in relatively shallow and 
generally cold water were proposed, and an adequate supply of both Richter & Wiese 
and Yoshino #actory protected reversing thermometers was available. It was decided 
that each reversing bottle (Knudsen type) be fitted with one each of a Richter & Wiese 
and a Yoshino thermometer, and that if possible, the arrangement would be adhered to 
throughout the survey. Each thermometer was to be read twice independently, and 
the readers were not to be aware of the experiment. A difficulty not foreseen prior 
to the survey relates to the level of training of the readers for, throughout the survey 
as well as at the start, a number of the readers were limited in experience. 


The procedure was followed generally as outlined, and about 1,000 serial 
temperature observations derived from two readings of each of the two thermometers 
on each bottle. These were processed to obtain the value for each of the reading, 
functioning, and systematic errors presented in Table 1. 


Table 1. 
Calculated Value of the Standard Deviation for each of the Errors as Obtained from 


the "Theta" Material (Column a), and by Fofonoff (1963) (Column b) 


(a) (b) 

Error Type (C °) (C °) 
Reading OCeSeHheooCooReeegoceae see Hveee oad 0. 0100 0, 0074 
Functioning Pee eSeHOeP Hoe ovvVeeHHeSoHRPODeH HHH 0. 0100 0.0055 
Systematic @esvpvyrenoseavgsoeseeeveeossevpedgce eee 0, 0064 0. 0141 


Using these values the precision of a single reading of one thermometer be- 
comes 0,030C°, the average of two readings of two thermometers has a precision of 
0.019C°, and the least significant difference of two averages (two tabulated values in 
the data report) becomes 0,027C°, Also shown in the table are the corresponding 
values obtained by Fofonoff (1963), As might have been anticipated his reading and 
functioning errors are smaller than those calculated for the Hudson Bay data, With 
regard to his value of the systematic error, he (personal communication) has *.idicated 
that the wording of his paper is misleading and has confirmed that the value of 0. 0141C ° 
refers to the individual systematic error and not to differences, 
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It is of interest that using the smaller of each of the tabulated values and in 
the situation that two thermometers on each reversing bottle are read twice, the 
average has a precision of 0.014C°, The estimate represents a precision higher than 
any of those shown in the tabulation of Fofonoff (1963, Table 1, p. 831). 


Of additional interest in the present data is the distribution of the frequency 
of occurrence of the systematic differences between pairs of thermometers (Table 2), 
The manner of thermometer arrangement on the reversing bottles during the survey 
with Richter & Wiese instruments generally on the left in the reading position, led to 
a grouping not only with respect to the make of thermometer, but also with respect to 
the time of calibration. 


Table 2, 


Distribution of the Systematic Differences Between Paired Thermometers of Different 
Make, Rounded to the Second Decimal Place 


Difference -0, 01 0. 00 0. O1 0, 02 


Frequency 1 4 +) 3 
Arithmetic mean 0. 008C ° 


This was carried out by the National Research Council; one make (R&W) was cali- 
brated in 1960 on February 10, 11 and 12, the other on June 13 and 31, 1961. It 
seemed, therefore, that the arithmetic mean of 0,008C° of the distribution could be 
related to either the make or time of calibration, or both. This was tested using the 
"Student 't' test" which indicated that there was not sufficient evidence to support the 
hypothesis, 
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INTRODUCTION 


The oceanographic data of this record were obtained in and adjacent to the 
waters of Tuktoyaktuk Harbour (Figure 1) during the period April 26, 1962 to September 
16, 1963. The observations were made relative to a study by the National Research 
Council of Canada of the general problem of the applicability of air bubblers in a salt- 
water environment, particularly at Tuktoyaktuk. The air bubbler system used has 
been described by Dick (1961); Ince (1962) described the physical aspects of the en- 
vironment at Tuktoyaktuk using part of the data reported here. For the purpose of this 
record the observational program has been divided into that carried out by personnel 
of the National Research Council in winter from ice cover (Figures 2,3,4,5) and that 
carried out during the summer of 1963 in the motor vessel "Richardson" of the Canadian 
Hydrographic Service (Figure 6). 

The presentation of data in this report is subject to modification and possible 
correction at a later date. The usual errors including blunders are known to exist in 
the observed material but, in general, no attempt has been made to interpret or adjust 
values. It is noted that the depth of observation of the NRC material was feet and 
inches; in this record this is shown to the nearest foot. The depth of observation of 
the "Richardson" material is metres. The original records are on file at the Hydraulics 
Laboratory, Division of Mechanical Engineering, National Research Council, Ottawa 
and the Marine Sciences Branch, Ottawa. 
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Figure 1. The location of Tuktoyaktuk Harbour with place names, 


location of the Department of Public Works wharf. 
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Figure 2. The location numbers of the observations of Phase I. 
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Figure 3. The location numbers of the observations of Phase II. 
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Figure 4. The location numbers of the observations of Phase III. 
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Figure 5. The location numbers of the observations of Phase IV. 
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Figure 6. The approximate positions of stations occupied by "Richardson". 
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The NRC program 


The program of NRC was subdivided into four phases as indicated in the 
following: 


Phase I - April 26 to May 6, 1962 (Figure 2) 
II - November 24 to December 10, 1962 (Figure 3) 
Ill - December 14, 1962 to May 1, 1963 (Figure 4) 
IV - April 19 to May 5, 1963 (Figure 5) 


This subdivision is adhered to in the presentation of this record, and the extent of the 
data observed during each phase is shown in List 1. The listing also relates the con- 
secutive number of the data headings of each phase to the location number in the figure 
for that phase. The consecutive numbers derive from machine processing carried out 
by the Canadian Oceanographic Data Centre, which agency provided the data in the form 
of machine print-outs. In the preparation of this record the print-out material was 
cropped and affixed to photocopy masters. 

All of these observations were carried out from the ice cover, generally in a 
Bombardier Snowmobile chartered from a local resident, Mr. E. Gruben, who was 
employed as a guide and who carried out the observations of Phase III. The vehicle 
proved quite satisfactory both for transportation and for shelter while sampling. 

Other observations made but not reported here include meteorological data, 
ice and snow thickness measurements and current observations; the latter have been 
utilized (Ince, 1962). 
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List 1:3 A tabulation of the NRC observations relating the consec number 
of the serial data to the location and to the consec slide 
number and showing the extent of the serial data. 


PHASE I 
Consec.e Consece 

No. Location Temp. Sal. No. Location Temp. Sal. 
1 12 Xx 46 17 X 

2 6 X Li? 15 X 

3 4 X 48 17 Xx 

4 8 xX LQ 15 X 

5 9 Xx 50 HW, Xx 

6 6 bi X 51 16 X 

V4 6 X 52 15 X 

8 5 Xx 53 Ly X 

9 6 X 54 16 X 

10 5 X X 55 ly xX 

jmp 5 X 56 4 Xx 

12 2 X 57 i X 

13 6 x 58 2 X 

14 a Xx 59 te. X X 
15 3 x 60 i X X 
16 4 x 61 12 X 

17 16 X 62 12 xX 

18 16 X X 63 1 Xx Xx 
19 15 X xX 64 i Xx ia 
20 i X 65 4 X 

21 11 x 66 15 X 

22 11 x ve 67 15 pi x 
£3 10 Xx X 68 19 Xx 

24 9 X ‘ 69 15 x Xx 
25 8 Xx X 70 a Xx 

26 6 XK Xx 71 15 Xx 

re . Xx Xx ff 1S X 

28 4 Xx X fee 19 X Xx 
29 ii ne 74 19 x 

30 15 X Pes) 15 Xx 

Sil 15 X 76 LS X 

32 15 X 77 15 X 

33 16 X 78 Ly Xx 

34 15 x 79 15 ps 

a5 16 xX 80 5 a 

36 as X 81 20 Re pe 
a is X 82 pay X x 
38 17 x 83 A x 

a9 16 X 84 15 X 

LO 16 X 85 18 X 

41 Iz X 86 13 

42 1s Xx 87 13 ay 

43 16 Xx 88 Ss Xx 

Ly 15 X 89 14 D4 
4s 16 X 90 15 x 


ee Ti 


Consece Consec. 
No. Location Temp. Sal. No. Location Temp. sal. 
91 4 X X 100 15 x 
92 2 x Lol 15 x 
93 fe X LOZ 15 X 
94 9 Xx 103 15 X 
95 5 X 104 15 Xx 
96 4 x 105 LS Xx 
97 7 X 106 15 x 
98 Zz x 107 4 X 
99 15 X 108 4 X 
109 M-1 X X 
PuADE EL 
1 23 Xx xX 36 22 Xx x 
2 24 xX X On. 23 X X 
5 45 Xx X 38 a3 Xx Xx 
4 33 X X 39 27 X X 
5 28 X x LQ 28 X X 
6 29 Xx x 4) 29 X X 
ie 30 X X 42 30 X x 
8 Ll x X 43 23 x x 
9 42 x x LL, 27 X X 
10 a7. X Xx L5 28 Xx X 
ski 28 X Xx L6G 29 x x 
12 34 Xx 4? LQ x X 
1 48 X X 48 43 Xx X 
14 48 X X aie) 43 x Xx 
> 48 X X 50 70) Xx xX 
16 48 X Xx 51 46 X X 
4 48 X X 52 43 Xx X 
18 48 Xx x 53 40 X X 
19 48 Xx xX 54 40 X X 
20 48 X X 5D 43 X X 
en 30 X X 56 46 Xx xX 
22 23 x X 57 40 X Xx 
23 25 X Xx 58 143 Xx X 
24 26 x X -59 LE Xx X 
25 38 X x 60 25 X X 
26 23 X xX 61 26 X Xx 
27 30 x X 62 42 X X 
28 2? X xX 63 4} X xX 
29 Ay X X 64 47 Xx x 
30 28 x X 65 39 X X 
1 28 X 66 42 X X 
32 ly X 67 41 Xx x 
EI 42 X 68 25 Xx X 
34 27 X 69 26 X X 
35 24 X 70 32 X 


eae 


Consec. BT Consec. BT 
No. Location Temp. Sal. Slide No. Location Temp. Sal. Slide 
(al or X 1 76 33 X x 
72 37 Ha x Mai 28 x x 
73 36 X X 78 24 X ie 
74 31 X X 79 28 x x 
ge 29 X 2 80 42 X X 

81 4g x a 
PHASE III 
7 51 x 3 15 50 x 17 
2 50 X ly 16 51 xX 18 
3 51 X 5 17 50 Xx 19 
F 50 X 6 18 51 xX 20 
5 50 X 7 19 51 X 21 
6 51 X 8 20 50 % 22 
7 50 Be 9 21 50 X 23 
8 51 x 10 22 51 X 24 
9 50 X 1] 23 50 xX 25 
10 51 x 12 24 51 K 26 
11 50 x 13 25 50 X Pay 
12 51 x 14 26 50 X 28 
13 50 X 15 27 51 X 29 
14 51 X 16 28 50 x 
. 29 51 x 30 
PHASE IV 
1 52 X x 1 54 x x 
é: 52 x Xx 2 54 X x 
é 52 K X 3 54 i X 
4 52 K x 4 54 x X 
5 Be Xx X 5 54 x x 
6 52 x ye 6 54 x X 
7 52 x X 7 54 x x 
8 52 X x 8 54 x x 
9 52 X - 9 54 x pi 
i 53 X X i) 55 X X 
2 53 X se 2 55 X X 
3 52 X X 3 55 X x 
4 53 X x yy 55 x x 
5 53 X K 5 55 n X 
6 53 x X 6 55 X oS 
7 3 x x 7 BS X Xx 
8 53 X ¥ 8 55 X x 
; 33 X ‘ 9 55 X X 
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Consece Conseco 
No. Location Temp. Sal. No. Location Temp. val. 
mu 56 Xx X 5 57 aX X 
2 56 X i 6 5? Vs X 
3 56 X X ? 57 rin? 
4 56 X X 8 57 X x 
6 56 Xx X 9 57 K Ni 
6 56 x Xx 
7 56 X xX 1 58 X xX 
8 66 X x 2 58 Xx X 
9 56 “4 X 3 58 Acute 
4 58 x X 
1 57 x x 5 58 ea 
2 57 X X 6 58 X x 
3 57 x X ? 58 Key en 
Ty 57 X X 8 58 xX x 
3 58 Xx Xx 
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Procedures. During Phases I, II and IV each day's work was begun by recording tidai 
heights from the gauge at the wharf, and synchronizing watches with the clock on the 
gauge. At each location occupied, thermistor readings were taken first. Because of 
the shortage of storage bottles, salinity samples were taken only at selected locations. 
Measurements of currents were concentrated mainly in the harbour entrances. All 
depths were measured from the water surface, and for this purpose the suspension 
cables used on all the instruments were marked off at intervals of one foot. 

During Phase IV simultaneous observations at two locations by two teams of 
observers were attempted; each team using a different type of "in situ” salinometer. 
The relation between the team, the locations occupied (Figure 5), the time interval and 
the type of meter used is shown below. 


Team Location Interval GMT Meter 
1 55 16.8/2 - 04.8/3 RS-5 
2 52 same Wayne Kerr 
1 54 16.1/2 - 04.03 RS-5 
2 53 same Wayne Kerr 
1 57 15.5/4 - 03.5/5 RS~-5 
2 58 same Wayne Kerr 
1 56 16.0/4 - 04.0/5 RS-5 


It was proposed that the observations of Phase III would comprise serial 
sampling for salinity and a BT lowering at two locations, close to the site of the 
bubbler every two weeks during the winter. 


Temperature. Thermistor type thermometers designed and built by NRC were used 

in all the work except Phase III. At the end of each day's sampling, a zero point check 
was made on each thermistor. Reversing thermometers were used to make random, 
but unrecorded spot checks. A hand-lowered shallow range bathythermograph was 
utilized during Phases II and III. 


Salinity. Determinations for salinity were carried out both by bottle sampling and by 
portable salinometer. The Phase I and III samples were obtained with Knudsen revers- 
ing bottles. Phase II salinities were determined ''in situ" with a Wayne Kerr portable 
salinometer. At some of these locations reversing bottle samples were also taken; 
these appear in the text of the data to the right of the salinity column, followed by the 
abbreviation ''KB" (Knudsen bottle). All the samples collected by reversing bottle 
were sent to the Bedford Institute of Oceanography for analysis where they were 
measured on an Auto-Lab Inductive Salinometer. 

Phase IV salinities were again done "on location" using the Wayne Kerr meter 
of Phase II and an RS-5 instrument provided by the Marine Sciences Branch. 

Listed below are extracts from the instruction manuals pertinent to each 
instrument, i.e., the manufacturer's statements of accuracy. 


Wayne Kerr Portable Chlorinity Temperature Bridge #B441 
Wayne Kerr Laboratories Ltd., Chessington, Surrey. 


ein 


Chlorinity: 16-20 p.p.t. range 5° - 25°C, 


accuracy: +0.05p.p.t. 
0-16 p.p.t. range 5° - 25°C, 
accuracy: +0.lp.p.t. 
RS-5 Portable Salinometer 
Industrial Instruments Inc., 89 Commerce Rd., 
Cedar Grove, N.J. | 


Salinity (direct reading) - 0-40°/°° + 0.3°/°° (0-27°C) 


Both instruments are battery operated and are fitted with approximately 300 feet of 
cable which is graduated for depth. 

A presentation of a portion of the salinity values obtained using reversing 
bottles and using the "in situ" metres is shown in Figure 7. 


Personnel. 


Personnel in the field comprised: 


Phase I - S. Ince, J. Harron, G. Priest 
II S. Ince, R. Richardson, G. Priest 
Hil E. Gruben 
IV - J. Harron, H. Caves, G. Priest 


who, with the exception of Mr. E. Gruben, were members of the staff of the National 
Research Council, Ottawa. 


Extract of Log 


Phase I 


April 26 - 


May 


Party arrive Tuktoyaktuk 

Occupy locations 6, 7 and 12 

Occupy locations 2, 3, 5, 6, 8 and9 

Occupy locations 4, 5, 6, 8, 9, 10, 11, 12, 15 and 16 
Occupy locations 7, 15, 16 and 17 

Occupy locations 1, 2, 4, 7, 12, 15, 16, 17 

Occupy locations 1, 4, 12, 15 and 16 

Occupy locations 2, 4, 13, 14, 15, 20 and 21 

Occupy locations 2, 4, 7, 9, 18, 14 and 15 

Occupy locations 4 and 15 

During the return flight to Inuvik, a landing was made on the Middle 
Channel of the Mackenzie River to occupy location M-1. 
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Figure 7. Distributions with depth (feet) of salinity(°/°°) near the Department of 
Public Works wharf. (a) From Phase II serial samples (consec numbers 71 and 75) 
and the Wayne Kerr instrument (consec numbers 70, 72, 73, 74 and 77). (b) From 
Phase III serial samples (consec numbers 28 and 29) and Phase IV RS-5 values 
(locations 54 and 55) and Wayne Kerr values (location 53). 


-17- 
Phase II 


November 24 - Party arrive Tuktoyaktuk 
26 - Occupy locations 23, 24 and 45 
27 - Occupy locations 28, 29 and 33 
28 - Occupy locations 27, 28, 30, 42 and 44 
29 - Occupy locations 34 and 48 
30 - Occupy locations 23, 24, 25, 26, 27, 30, 48 


December 1 - Occupy locations 28 and 44. Instruct E. Gruben in 
sampling procedures for winter program 
2 - Occupy locations 24, 27, 42 and 44 
3 - Occupy locations 22, 23, 27, 28, 29, 30 and 33 
4 - Occupy locations 23, 27, 28, 29, 40, 43 and 46 
5 - Occupy locations 25, 26, 39, 40, 41, 42, 43 and 46 
7 - Occupy locations 31, 32, 36 and 37. Check E. Gruben 
on procedure through one complete test run 
8 - Occupy locations 24, 28, 33 and 44 
9 - Occupy locations 49 in Kugmallit Bay 
10 - Party depart Tuktoyaktuk 
Phase IV 
April 19 - Party arrive Tuktoyaktuk 
20 -30 - Pilot experiment with NRC-designed bubbler 
May 2 - Party divided into two groups, one occupy locations 52 


and 55, other occupy locations 53 and 54 
- Occupy locations 52 and 55, 53 and 54 
Occupy locations 56, 57 and 58 
- Occupy locations 56, 57 and 58 
- Depart Tuktoyaktuk 


a1 o1 ® 
1 


"Richardson" Program 


Procedures. From July 26 until September 16, 1963, "Richardson" occupied 47 
oceanographic stations (List 2) in Tuktoyaktuk Harbour and Kugmallit Bay. Samples 
for salinity were obtained by standard procedures and BT lowerings were carried out 
with the instrument used the previous winter during Phase III of the NRC program. 
Salinity samples were sent to the Bedford Institute of Oceanography for analysis. A 
meter block was used for the hydrographic casts; all depths are in metres. 


Personnel. The personnel aboard "Richardson" for the survey were Messrs. Liao 
McCulloch (Hydrographer~in-Charge) and R.W. Card. 


RP 4g) 


List »2¢ A tabulation of the "Richardson' observations 
relating the consec number of the serial data 
to the station and to the consec slide number. 


Consec. Consec. Consec Consec. 
No. Station slide No. No. Station Slide No. 

1 1 iL 24 6 24 
2 2 2 25 6 23 
5 o 3 26 22 26 
Ly 4 4 27 et Ze 
D B é, 28 20 28 
6 6 6 a7 19 23 
tf 7 7 30 17 30 
8 8 8 Ba! 16 eu 
9 18 9 32 18 oY 
10 15 10 33 15 33 
ee 14 Pt 34 14 34 
AZ 13 12 35 B93 35 
LS i 3 36 12 36 
14 23 14 +7 Tek a7 
i 4 5 38 7 38 
16 10 16 39 8 39 
Ly 16 17 LO 6 40 
18 LF 18 4) 5 4) 
19 19 Lo ny) 4 42 
20 20 20 13 $ 43 
21 fal ‘a Ay . LL 
22 ee 22 45 1 4S 
fae 6 Pa, L6 9 46 
4? 10 4? 


SsrGie 


Extract of Log 


July 


August 


September 


26 - Occupy stations 1 to 4 
2¢ — Occupy stations 5, 6, 7, 8, 11, 12, 18, 14, 15 and 18 
26 - Occupy stations 9 and 10 
29 — Occupy stations 16, 17, 19, 20; 21 and 22 
15 - Occupy station 6 
21 - Occupy station 6 
6 - Occupy station 6 
13 - Occupy stations 19, 20, 21 and 22 
14 - Occupy stations 15, 16, 17 and 18 
i - Occupy stations 1.2), 3, 4,-5; 6,7, 8, 11,.12,. 18 and 14 
16 - Occupy stations 9 and 10 
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DATA 


NRC Serial Data 


Cons 


Loc 


Lat 
Long 
GMT 
Depth 
Depth 
Temp 


Sal 


Explanation of data headings 
The consecutive number of the stations occupied, in chronological order ex- 
cept for Phase IV. | 
In Phase IV the consec number indicates the number and chronological order 
of sampling at the location. 
Numbers assigned during the preparation of the record to provide an indi- 
cation of the approximate location of the observation through reference to the 
appropriate figure. 
The latitude 
The longitude 
The Greenwich Mean Time of the observation. 
The water depth in feet. 
The depth in feet of the observation. 


The observed temperature (°C) to two decimal places. 


The salinity (°/°°) to two decimal places. 
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Phase I 
Serial data 


Consecutive number s 1 to 109 


CRN 447 


001 Loc 12 


69° 26 
132° 


28N 


99 O06W 


LOO ay 


39 ft 


Te ha? 


-0003 
-0002 
0000 
0002 
C011 
0017 
0022 
0020 
0012 
C009 
0005 


002 Loc 06 


69° 24 
132° 58 
a SW eA 
D4 ft 


oTN 
13 W 
lv 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0007 
0010 
0015 
0018 
0019 
0020 
0022 
0025 
' 0026 
0027 
0030 
0032 
0035 
0040 
0045 
0050 
0055 
0060 
0065 
0068 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0010 
0015 
0017 
0018 
0019 


LS OA a 


003 Loc 07 


69° 
132° 
22.5 27 
73 ft 


4 es se 


-0003 
-0003 
-0002 
0002 
0006 
0011 
0023 
0025 
0025 
0017 
0006 
-0006 
ol OL 08 Wa 
-0024 
-0041 
-0042 
-0044 
-0044 
-0044 
-0042 


24 56N 
58 26W 


iv 


p 


004 Loc 08 


69° 25 
132° 58 
00.0 28 
19 ft 


TE M 


-0006 
-0006 
-0004 
-0004 
0005 
0006 


21N 
23W 
1v 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0005 
0610 
0015 
0017 
0019 
0020 
0022 
0025 
0027 
0028 
0030 
0035 
0040 
9042 


005 Loc 09 


CO° 
132° 
01.0 
42 ft 


Be 


Zo. LON 
58 38W 
28 iv 


M P 


-0009 
-0008 
-0009 
-0009 
-0002 
0000 
0011 
0014 
0009 
0005 
0008 
=—0020 
-0023 
-0026 


-25- 


Cons 006 Loc 06 Cons 007 #Loc 06 Cons 008 #£=Loc 05 
Lat 69° 24 57N Lat 69° 24 57N~ Lat 69° 24 57N 
Long 132° 58 13W Long 132° 58 13W Long 132° 58 06W 
GMT 15.0 .28).iv GMT 17.0 28 iv GMT 17.3 28 iv 
Depth 60 ft Depth 60 ft Depth 50 ft 
DEPTH Tlewm Pe oS AL DEPTH TEMP DEPTH TEMP 
0008 -0003 0008 -CO1l0 © 0008 -0009 
0010 -06003 0010 -0018 0010 -0008 
0014 -0003 0012 -0612 0015 -0008 
0015 -0003 0015 -OOl2 0017 -0006 
0016 -0003 OO17 -0010 0019 -~0002 
0017 -0002 0019 0006 0020 0003 
0018 -0002 . 0020 0003 0021 0009 
0019 0003 0021 0008 0022 0016 
0020 0008 2184 0022 0011 0023 0019 
0021 0016 0023 0017 0024 0019 
0022 0019 0024 0019 0025 0020 
0023 0019 0025 0019 0026 0017 
0024 0022 0026 0019 0027 0016 
0025 0022 2664 0027 0014 0028 0012 
0026 0019 .0028 0011 0029 0008 
0027 0016 0029 0006 0030 0002 
0028 0009 0030 0002 0031 -0002 
0029 0002 0031 -~0004 (0032 -0006 
0030 -0002 3022 0032 -6009 0033 -0010 
0031 -0006 0033 -O0012 0034 -0014 
0032 -0009 0035 -0018 0035 -O0017 
0033 -0010 0038 -0024 0036 -0020 
0034 -0015 0040 -0031 0038 -0024 
0035 -0020 3075 0044 -0046 0040 -0029 
0036 -0020 0048 -0047 0042 -0038 
0038 -—0023 0050 -0049 0044 “UGes 
0040 -0031 2999 
0042 -0040 
0044 -0046 
0046 -0047 3045 
0048 -0047 
0050 -0047 3065 
0052 -0047 
0054 -0044 
0056 -0044 
0058 -0043 


0060 -0043 


Cons 
Lat 
Long 
GMT 
Depth 


DEPT 


0008 
0010 
GO15 
0019 
0020 
C021 
0022 
0023 
0024 
C025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0035 
0038 
0040 
0042 
0044 
0046 
0048 
0050 
0054 


009 
Oona 
132° 
1Se5 
60 ft 


Loc 06 
24 57N 
98 13W 
rte AI, 


H OSD RG gar. 


-0012 
-C008 
-0002 
-0008 


0003 
0009 
0016 
0016 
0019 
9020 
0019 
0016 
0012 
0006 
0003 


-0003 
-0006 
-0010 
-0017 
=002.5 
a 9 ak? 
-0040 
-0045 
-0047 
-0055 
—-0047 
-0049 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0008 
0010 
0015 
0017 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
C033 
0034 
0035 
0036 
0038 
0040 
0042 
0944 


Cons 
Lat 
Long 
GMT 
Depth 


—26i= 


010 
692 
132° 
18.5 8 
50 ft 


bes 8 


-0009 
-0008 
-0008 
-0002 
-0006 
-0003 
0011 
0017 
0019 
0019 
0019 
0019 
0014 
0011 
0006 
0002 
-0002 
-0006 
-0010 
-0014 


Loc 05 
24 5T7TN 
58 06W 
Zoe AN, 


Boge. 4 
0040 


0088 


—-QO0O17 - 


-0020 
-0023 
-0031 
-—0040 
-0044 


012 Loc 02 
69° 23 47N 
132° 59° 21 W 
220 Diyas, | 1V 


33 ft 


DEPTH? F ESAS Ss Ae 


0010 
0015 
0020 
0025 
0030 


Cons 0 
Lat 

Long 1 
GMT Z 
Depth 5 


DEPTH 


0008 
0010 
0015 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0035 
0038 
0040 
0042 
0044 
0050 


11 Loc 05 
69° 24 27N 
32° 58 O06W 
ato Gao TY 

0 ft 


Te pe P 


-0009_ 
-0006 
-0006 
-0006 
-0004 
-0003 
0016 
0019 
0022 
0019 
0019 
0019 
0016 
0009 
0005 
-~0004 
-0009 
-0012 
-0017 
-0018 
-0024 
-0029 
-0043 
~0043 


Cons 013 Loc 06 


Lat 69° 24 57N 
Long 132° ° 58°. 18iw 
GMT 2o80828 0 iV 
Depth _ 60 ft 
DEPTH eT te rMop 
0008 -6010 
0010 -6010 
0015 > -0009 
0019 0000 
0020 0006 
0021 0012 
0022 OO1T 
0023 0019 
002% 0019 
0025 0019 
0026 0016 
0027 0012 
0028 0008 
0029 6003 
0030 0000 
0031 -0008 
0032 -0010 
0033 -0015 
0035 -0018 
0040 -0028 
0042 -0035 
0044 -6044 
0050 -0049 
Cons 014 Loc 03 
Lat 69° 24 44N 
Long 132° 58 37W 
GMT 2ose5 28 Ay 
Depth 84 ft 
DEPTH SA L 
0010 0048 
Colds 0092 
0020 Pes 
0025 2710 
0030 3051 
0035 3086 
0040 3106 
0050 3125 
0060 sis0 


= Ore 


Cons 015 Loc 03 
Lat 69° 24 44N 
Long 132° 58 37W 
GMT 2020) 2854 
Depth 84 ft 
DEPTH TEMP 
0910 =—O017 
0015 -0008 
0017 -G006 
0019 0000 
0020 0006 
0021 0009 
0022 0014 
0023 0017 
0024 0019 
0025 0018 
0026 0012 
0027 0014 
0028 0008 
0030 -0004 
0032 -6009 
0034 -0018 
0036 -0025 
0038 -0026 
0040 -0034 
0044 -0050 
0048 -0050 
0050 -0054 
0060 -0052 
0070 -0050 
Cons 016 Loc 04 
Lat 69° 24 58N 
Long 132° 58 04W 
GMT 01.0 29 iv 
Depth LT tt 
DEPTH T & MP 
0001 0oOll 
0005 0009 
0010 OO1L1] 
0015 0009 
0017 0009 


Cons 


O72 mrshigos 16 
Lat 69° 26 37N 
Long 133° 02 12W 
GMT 15.2 29 iv 
Depth 56 ft 
DEPTH TE M P 
0008 0000 
09010 0002 
0012 0002 
0015 0003 
0017 0003 
0018 0002 
0019 0014 
0020 0025 
0022 0037 
0024 G044 
0026 0048 
0028 0053 
0030 0056 
0032 0056 
0033 0056 
Cons 018 Loc 16 
Lat 69° 26 37N 
Long 133° 02 12W 
GMT 15.5 29 iv 
Depth 56 ft 
‘DEPTH TVE BP SA 
0008 -0002 
0010 -0001 0025 
0015 6001 0116 
0018 0008 
0019 0014 
0020 0024 2802 
0022 0035 2864 
0028 0049 3087 
0037 0055 


OB 


Cons 019 Loe 15 Cons 021 Loc 11 Cons 023 Loc 10 
Lat 69° 26 57N Lat 69° 26 32N Lat 69° 26 20N 
Long 132°. 59° 42W © Tong (182%) 58 a4W Longs *1329°58 16W 
GMTE £1623 29) iv GMT 1 C529) 1¥ GMT 18.5 29 iv 
Depth 30 ft Depth 30 ft Depth 16 ft 


DEPPH! TRem hye: oS Ark DEPA  gh ye? Ma P DEPTHE GSEs MK we BY ae b 


0008 0000 0008 0000 0008 -0002 
0010 0003 £0014 0010 0000 0010 -0002 
0012 0000 0015 0000 0012 0071 
0015 0000 0017 0002 0015 6000 
0018 0000 0058 0018 0OOll 0016 0000 
0019 0009 0019 0023 
0020 0016 2111 0020 0042 Cons 024 Loc 09 
0022 0020 2182 0021 0053 Lat 69° 25 29N 
0024 0019 0022 0066 Long 132° 58 38W 
0026 0025 2277 0023 0072 GMT 18.8 29 iv 
0028 0025 0024 0075 Deptienes 
0029 0025 0025 0079 
DEPTH TE MPSAL 
Cons 020 Loc 12 Cons 022 Loc 11 
Lat 69° 26 28N Lat GF Qoqg2N » COOSM ave 
Long 132° 59 06W Tiong conisz” S8oadw | SOOM 
0015 -0002 
GMT 17.3 29 iv CMB S0Nroe @e0tv 0017 0000 0070 
Depth 39 ft Depth 30 ft 0018 0000 
DEPTH TEMP DEPTH TEMP SAL ee ieee 
0008 -0002 0008 -0002 ene : IOS & aay! 
0010 0000 0010  -0004 0024 0023 
0015 -0002 0015 -0002 0095 0026 0020 
0019 0002 0018 C007 1374 9939 ©0002 
0022 0019 0020 0033 0035 -0014 
0024 0023 0021 0049 0040 -0017 
C025 0022 0022 0062 3024 0042-0017 
0026 0019 0023 0068 
0028 0009 0024 0071 
0030 -0004 0025 0074 
0035 -0010 


0039 -GO1L2 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH TEMPS AL 


0008 -0002 

0010 -0002 0082 
0015 -0002 0083 
0017 -0002 

0018 0003 

0019 0008 
Cons 026 Loc 06 
Lat 69° 24 57N 
Long 133° 668. 1a Ww 
GMT 22 2 ao lV 
Depth 60 ft 

Gerri’) Err e's ALL 
0008 -0002 

0010 -0002 0071 
0017 0002 0078 
0019 0006 

0020 0012 

0021 2101 
0022 0023 

0024 0026 

0026 0023 2752 
0028 0016 

0030 0006 

0031 0002 2939 
0032 -0004 

0035 -0014 

0036 2991 
0038 -0017 

0040 -0022 

0041 3019 
0045 -0040 

0050 -0041 


025 
69° 
132° 


19 ft 


Loc 08 
25 21N 
58 23W 
19.2 29 iv 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0010 
0015 
0017 
0018 
0019 
0020 
0021 
0022. 
0024 
0026 
0028 
0030 
0032 
0035 
0040 


Cons 
Lat 

Long 
GMT 


Depth 


DEPTH 


0000 
0001 
0002 
0005 
0010 
0015 
0016 
0017 


299 - 
027 Loc 05 
69° 24 57N 
132° 58 06W 
23.0 29 iv 
50 ft 


Tite eae Ss 


~0002 
-0002 


0098 


0006 
0009 
0016 
0022 
0025 
0026 
0022 
0016 
0003 
-0006 
-0014 
-0020 


028 
69° 
132° 
23.95 
17 ft 


29 iv 


1) Bree S 


0000 
-0002 
-0002 
-0002 

0000 

0002 

0002 

0005 


2215 


2738 


Loc 04 
24 58N 
58 04W 


Cons 029 Loc 07 
Lat 69° 24 56N 
Long 132° 58 26W 
GMT 00.0 30 iv 
Depth 73 ft 
DEPTH TE MP 
0010 -0004 
0015 -0005 
0018 oool 
0019 0005 
0020 0012 
0022 0020 
0024 0020 
0026 0016 
0028 0008 
0030 0000 
0032 -0009 
0035 -0016 
0038 -0021 
0040 -0024 
0042 -0036 
0045 -0042 
0050 -0044 
0060 -0045 
0068 -0046 
Cons 030 Loe 15 
Lat 69° 26°57 N 
Long 132° 59 42W 
GMT 15.5980) fiw 
Depth _30 ft 
DEPTH TE M P 
0002 -0004 
0004 -0003 
0006 -0002 
0008 -0002 
0010 0000 
0015 0000 
0017 0000 
0018 0010 
0019 0016 
0020 0022 
0022 0025 
0024 6026 
C026 0028 
0028 6030 
0029 0030 


Cons 0 
Lat 

Long 1 
GMT 1 
Depth, 3 


DEPTH 


0006 
0008 
0010 
0015 
0017 
0018 
0019 
0020 
0025 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0022 
0025 


314 . Logs 
69° .26 SN 
32° 59 42W 
6.2 30: Tv 

0 ft 


71 HE A oP 


0000 
0000 
0000 
0000 
0000 
0004 
0014 
0018 
0025 


032 Loc 15 
69°" 26 57N 
132°" 59442 W 
16.9 30 iv 
30 ft 


TEMP 


C000 
0000 
0000 
0000 
0000 
0000 
0000 
0002 
0014 
0019 
0022 
0023 


PASO. 


Cons 033 Loc 16 
Lat 69%. 26  37N 
Long 133° 02 12W 
GMT 17 .431.30) iv 
Depth 56 ft 
DEPTH. "Tre MaP 
0006 -0002 
0010 C000 
0016 0002 
0017 0002 
6018 0003 
0019 0016 
0020 0022 
0022 0034 
0024 0040 
0026 0045 
0028 0048 
0030 0053 
0032 0055 
Cons 034 Loc 15 
Lat 697,26. 57N 
Long 132° 59 42W 
GMT 17 ZO p30 iv 
Depth 30 ft 
DEP Thue £M. P 
0006 -0002 
0010 -0002 
0016 0000 
0018 0000 
0019 0005 
0020 0014 
0022 0020 
0024 0022 
0026 0025 
0028 0025 


Cons 035 Loe 16 
Lat 69° 26 37N 
Long 133°" 0212 W 
GMT 183 3" 3004" 
Depth 56 ft 
DEPTHS WLERALP 
0006 0000 
0010 0000 
0016 0002 
0018 0003 
0019 0012 
0020 0022 
0022 0033 
0026 0045 
0030 0053 
Cons 036 Loc 17 
Lat 69° 26 45N 
Long 133° 02 02W 
GMT 19. 2.,30 siv 
Depth 10 ft 
DERTH* T &phaP 
0006 0000 
0008 0000 
0010 0000 
Cons 037 Loc 15 
Lat 69° 26 57N 
Long 132° 59 42W 
GMT 8075 cour ay 
Depth (S0ttt 
DEPTH TE MP 
0006 -0002 
0010 -0002 
6016 0000 
0018 0000 
0019 0004 
C020 6012 
0022 GO16 
0024 C022 
0928 0025 


Cons 
Lat 
Long 
GMT 
Depth 


DEPT y Ter dh ? 


0908 0000 
Cons 039 £=Loc 16 
Lat 69° 26 37N 
Long 133° 02 12W 
GMT 20.0 30 iv 
Depth 56 ft 

DEPTH Te MP 

0019 0011 
Cons 040 Loc 16 
Lat 69° 26 37N 
Long 133° COZ U2W 
GMT 21.4 30 iv 
Depth 56 ft 

DEPTH TE MP 

0008 0000 

0010 0000 

0012 cooo0 

0016 0002 

0017 0003 

0018 oo0o7 

0019 0012 

0020 0022 

0022 0033 

0026 0047 

09030 C055 
Cons 041 Loc 17 
Lat 69° 26 45N 
Long 133° 02 02W 
GMT 21.8 30 iv 
Depth 10 ft 

DEPTH TEMP 

0007 CcO00 

0908 9002 

0009 GOO03 


— 3] — 


Cons 042 Loc 15 
Lat 692° °26 '57N 
Long 132° 59 42W 
GMT 22.4530 4% 
Depth 30 ft 
GER LE Wyeth P 
0002 000% 
6012 000v 
C016 0OGY 
0018 ere lene, 
0019 0003 
0020 0015 
0021 0017 
0022 0019 
0024 0020 
0026 0023 
0028 0028 
Cons 043 Loc 16 
Lat 69° 26 37N 
Long 133° 02 12W 
GMT Zor SMV 
Depth 56 ft 
PEPTH T ERP 
0008 0000 
0010 C00z2 
0012 0002 
0014 0003 
0016 0003 
0017 0003 
0018 0005 
0019 0014 
0020 0022 
0022 0036 
0024 0042 
0026 0045 
0030 0053 


Cons 044 Loc 15 
Lat 69° 26 57N 
Long 132° 59 42W 
GMT 23.4 30 iv 
Depth ER ad 
CEePit (ga ue 
CQ0%8 3006 
0912 G306 
4016 G6OOV0 
OO1T7 000% 
00138 09000 
0019 g012 
0020 9019 
CG21 00206 
GO2Z2 0019 
CO24 0020 
0026 0025 
Cons 045 Loc 16 
Lat 69° 26 37N 
Long 133° 02 12W 
GMT O05. OE) ay 
Depth 56 it 
DEPTHe T EAMae 
0008 0000 
0012 0000 
.0016 0002 
0017 0003 
0018 0006 
0019 0016 
0020 0023 
0022 0034 
0024 0042 
0026 0045 
6030 0056 
Cons 046 Loc 017 
Lat 69° 26 45N 
Long 133° 02 2W 
GMT 00.4 O01 v 
Depth 10 ft 
DEPTH TE MP 
0007 0000 
0008 0002 
0009 0002 
6010 0003 


= oo = 


Cons 047 Loc 15 Cons 050" ochl? Cons 053 Loc 17 
Lat 69° 26 57N Lat 69° 26 45N Lat 69° 26 45N 
Long 132° 59°42W Long 133°" 02° O2W Long 133° 02 02W 
GMT 00.8 O01 v GMT 03.8 01 v GMT 09.7" OL ow 
Depth 30 ft Depth 10 ft Depth 10 ft 
cop ng es Mf an ee hy 1 See P DEPTH ' TE Re? 
COO8 6006 eoa7 CDBL 0007 -0062 
Gilg We O00 vos OOOG 0008 -0002 
PEE es COO OO9 GOO0C 0009 -GO002 
OO17 G9CG 
COLB O00 3 Cons 051.1) "ec 16 Cons 054 Loc 16 
oo1g OO14 Lat 69° 26 37N Lat 69° 0126 237N 
AnD S017 Long 183° 02 12W Long 133° 02 12W 
O02] gece Gite. 04. 101. y GMT 05.8 01 v 
C02? Bye K ae f Depth 56 f 
0924 5020 Dengaee?” * P : 
JOU28 a8 ape) 
DEPTH T ££ MP DEP A teat) is ee 
Cons 048 Loc 17 a 4 thet ; 
Lat 69° 26 45N C908 —0002 0008 -0003 
L 133° 02 02W wOlZ C000 0010 -0002 
ne 0016 C002 0012 0000 
GMT 02.8 Olay 9017 000 3 0016 0001 
Depth 10 ft ©oO18 CO06 0017 0002 
t o019 GO17 0018 0003 
DEPTH TOEIM P C026 0023 0019 0017 
C29 634 0020 0023 
0007 0000 VI24 C040 0022 0034 
0008 0002 ee C045 0024 0040 
0009 0002 GOZ8 GO53 0026 0044 
J30 C55 0028 0050 
Cons 049 Loc 15 eeO neath et ay 
Lat 69° 26 57N ep iy . ; 
Long 132° 59 42W Cons 052 Loc 15 Cons 055 Loc04 
GMT 02.9 01 v Lat 69° 26 57N Lat 69° 24 58N 
Depth 30 ft Long 132° 59 42W Long 132° 58 04W 
DEPTH TEMP GMT 05.2 O01 v GMT 17.'0 0 PRV 
0008 -0002 Wet h Tirta p 3 . 
0016 0002 sone oe : 
0017 0002 ( UOGs OOOU S001 COOG 
(Ase 2006 HAG? 5 
ope 8 COOG 
0018 0013 C016 LOG 
4S hy be. (3G4 cCo0Ooc 
0019 0017 C017 a Ags 3 y a ge 
GOl UG 2 0906 COO0 
0020 0019 0018 COLL ne an 
4 WS ie [008 G00 
0022 0022 SO1¢ O0j ay ee 
0028 0023 on oe eh gale dias 
G020 0019 Cu12 C062 
OG22 0922 VO1L4 COOL 
0024 002 3 C71é OOO 


0028 0028 


Cons 
Lat 


Long 
GMT 
Depth 


VEPTH 


0908 
0010 
GOlz2 
0014 
0016 
0018 
0020 
0022 
6025 
0030 
0035 
0040 
0045 
0050 
0055 
0060 
0065 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 


056 Loc 07 
69° 24 56N 
132° 58 26W 
1 ect nga OR 

73 ft 


-C005 
-GO007 
-0004 
-GU003 
-0003 

0002 

0012 

00206 

0020 
-0002 
-0018 
-0028 
-0044 
-0044 
-0046 
-0044 
-0044 


057 4, Loec/01 
69° 23 20N 
132° 59 25W 
19.0 GLA 

23 ft 


LIE =a vet 2 


-0003 
-0003 
-0003 
-0002 
-0003 
-0002 
0016 
0020 
0020 
0022 
0023 


Cons 
Lat 
Long 
GMT 
Depth 


a 


058 Loc 02 

69° 23 47N 
132° 59°21 W 
19.5 OY v 


33 ft 


DEPTH TE M 


0006 
0008 
0016 
0012 
0014 
C016 
0017 
C018 
CO19 
0026 
0322 
0024 
0926 
0028 
O03 
0031 
GU32 


Cons 
Lat 
Long 
GMT 
Depth 


-0003 
-0004 
-0004 
-0003 
-0002 
0000 
0000 
6002 
0011 
0019 
O026 
0028 
0026 
O20 
GOo11 
D009 
OOLU 


p 


060 Loc 01 


69° 23 
132° 59 
22.4 O01 
23 ft 


DEPTH. | J7eae P 


0006 -0003 
0008 -0002 
0010 -0003 


0013 


20N 
25 W 
Vv 


SA 


0052 


0087 


0016 -0002 
0018 =—OOU'2 
0019 -0002 


0020 
0021 
0022 
0023 


0019 
0023 
0025 
0026 


0240 


2116 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


G206 
0007 
0008 
0010 
0011 
0012 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0025 
0028 
0930 
0035 
0040 
0042 
0045 
0050 
0055 
0060 
0065 
0068 


059 Loc 07 
69° 24 56N 
132° 58 26W 
ZL SZ OSV 
713 Te 
TEP S A 
-0004 
0084 
-0002 
-0003 
0065 
-0002 
-0002 
0079 
0002 
0071 
0002 
0006 
0011 
220 
0020 
0022 2557 
0012 
0003 3008 
-0014 3053 
-0026 3089 
-0041 
-0040 3110 
-0041 3114 
3122 
-0041 3108 
3118 
-0041 


Cons 
Lat 
Long 
GMT 
Depth 


CEPTH 


OJOO 
CO0Z2 
0904 
0006 
0008 
0O1C 
ere 4 
CO14 
GG16 
ba are ey: 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
GO12 
0014 
0016 
0017 


061 
69° 
132° 


Loc 12 
26 28N 
99 O06W 


23.10. Oley 
39 ft 


T 


062 
69% 
132° 
00. 2 
39 ft 


T 


—_ 
—s 
-_ 
= 
— 
— 


ECP 


(002 
9002 
2002 
[002 
GIV2 
C001 
(002 
0004 
1003 
000 


Loc 12 
26 28N 
59 O06W 
U2) 


Eqn? 


0000 
0003 
0004 
0003 
0003 
0003 
0003 
0003 
0900 
0002 


Cons 063 Loc 01 
Lat 69° 23 20N 
Long 132° 59. 25W 
GMT 00.6 02 v 


Depth 23 5b 
DEPTH ET *e).MtPe Ss) A 
0006 -0008 
0008 -0003 
CO10 -0006 
0012 -0006 0069 
0014 -0006 
0016 -0004 
0018 —-0002 1384 
0019 0002 
0020 0016 2194 
0021 6020 
0022 0025 
0023 0026 
Cons 064 Loc 01 
Lat 69° 23 20N 
Long 132° “99% “20 W 
GMT 00.38 02) vv 
Depth 23 it 
DEPTH TE MP 
0006 -0008 
C008 -O006 
0010 -0008 
6012 -00608 
0014 -0008 
QO16 -0007 
N91 -0005 
0919 -0006 
O020 0015 
GOAL 0019 
0022 0021 
0023 6923 


Cons 
Lat 
Long 
GMT 
Depth 


065 Loc 04 
69° 24 58N 
132° 58 04W 
Ob. v4 02 WV 
Lett 


ier tet |W eke Peete 


C900 
9002 
9004 
9906 
GOO08 
0019 
0012 
0014 
0016 


Cons 
Lat 
Long 
GMT 
Depth 


066 Loc 15 
69° 26 57N 
132° 59 42W 


DEA TY Exon 


0006 
0008 
0010 
0012 
0014 
0016 
OO17 
0018 
0019 
0020 
0021 
0022 
0024 
0026 
0028 


Cons 
Lat 


Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0022 
0023 
C026 


Cons 
Lat 
Long 
GMT 
Depth 


OEPTH 


6006 
0006 
0016 
0012 
0014 
0915 


067 ., Loc 15 

69° 26,57N 
132° 59 42 W 
16.8 02 v 

30 ft 


Toc eM yP 6S WER TPDEPTY 


-0003 
-0003 
-0002 0052 
-0003 
-0003 
-0002 
vooo . 
0010 1995 
0019 
C020 
CO20 


C025 


068 Loc 19 
69° 27 46N 
133° 02 24W 
LGAS BO2]MV 

16 ft 


TEMP 


-9002 
-C$v00Z2 
-DO002 
-G002 
-0002 

S900 


£598) 


Cons 069 Loc 15 
Lat 69° 26 57N 
Long 132° 59 42W 
GMT 18:015.102 Vv 
Depth 30 ft 
fre MP AS A 
0006 -0003 
0008 -0004 
0010 -0003 0035 
0012 -0003 
0014 -0003 
0016 0000 
0017 0000 
0018 0013 2050 
0019 0019 
0020 0020 
0022 0022 
0023 2204 
0026 0026 
Cons 070 Loc 04 
Lat 69° 24 58N 
Long 132° 58 04W 
GMT 19.4 02 v 
PJETUD eval Cake 
DEPTH TE ™M P 
0000 -0002 
0002 -0004 
0004 -0003 
0006 -0003 
0008 -0003 
0010 -0003 
0012 -0003 
0014 -0002 
0016 -0003 


Cons 074° Joe 15 
Lat 69° 26) .07N 
Long 132° 59 42W 
‘GMT 1,7 O2Qa 
Depth 30 ft 
t DEPTH oT eae 7P 
0006 -0003 
0008 -0003 
0010 -0003 
0012 -0003 
0014 -0003 
C016 -6003 
0CO17 -0003 
0018 -0001 
GO19 6010 
0020 OO1T7 
0022 0020 
C026 0031 
Cons O72 Looe 15 
Lat 69° 26 57N 
Long 132° 59 42W 
GMT ZL 2ZRO Dav 
Depth 30 ft 
DEPTH. T ELMcP 
0006 QO00 
0008 0000 
0010 0900 
0012 0000 
0014 0000 
0016 -0002 
0017 -0002 
0018 0000 
0019 -0002 
0020 0014 
0022 0019 
0024 0022 
0026 0026 
0029 0028 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0013 
0014 
0015 
0016 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


C006 
6008 
0010 
0012 
0014 
0U15 
0016 


073 
697 
HOSP 
Z1eS 
LO cEt 


T. eM 


-0003 
-0002 
-0002 
0002 
0000 
0002 
0002 
0002 


074 
69° 
133° 
22.4 
16 ft 


TEM 


—BO03 
-0002 
=O902 
-0002 
0000 
Q000 
0003 


Loc 19 
27 46N 
02 24W 
OZecy: 


Pee B 


COO7T 


0027 


Loc 19 

27 46N 
02 24W 
G2 ¥ 


p 


436) = 


Cons 075 
Lat 69° 
Long 1525 
GMT 220% 
Depth 30 ft 


PERTH PT 


0006 = 
0008 w 
0010 * 
Cord = 
0014 
6016 = 
Col? = 
OO18 * 
OO19 
0020 
0021 
0022 
0024 
0026 
0029 


Cons 076 

Lat 69° 
Long 132° 
GMT 23.4 
Depth 30 ft 


DEPTH T 


0016 = 
0018 = 
0019 a 
0020 
0021 
0022 
0023 
CO24 


hoc 15 
26 57N 
59 42W 
02 Vv 


Em P 


g002 
0002 
0002 
0002 
Q0U0 
0002 
9002 
0002 
ON02 
0006 
Ov0ll 
C012 
CO2U 
(O26 
0028 


Loc 15 
26 5TN 
59 42W 
02 Vv 


Cons O77 Loe 15 
Lat 69° 26™57N 
Long 132° 59 42W 
GMT 00.0 03 v 
Depth 30 ft 
DEPTH TT cE eh eP 
0006 -0003 
0008 -0004 
0010 -0003 
0012 -0002 
0014 -0002 
*” 0016 -0003 
0017 -0003 
0018 -0003 
0019 -0002 
0020 0006 
0021 0014 
0022 0017 
0024 0019 
0026 0025 
0029 0030 
Cons 078 Loc 04 
Lat 69° 24 58N 
Long 132° 58 04W 
GMT 01.0 03 v 
Depth 17 ft 
DEPTH T BeeM oP 
00060 -0002 
0002 =U 0rd 
0004 -0003 
0906 -0003 
0008 -90034 
00190 —O002 
0912 -9003 
C014 -0003 
0016 -0003 
OG17 O00G 


a au 


Cons 079 Loc 15 Cons 081 Loc 20 Cons 083 #£=\Loc 15 
Lat 69° 26 57N Lat 69° 38 10N Lat 69° 26 57N 
Long 132° 59 42W Long 133° 14 30W Long 132° 59 42W 
Cw =* or2 03) wh GMT Laer 0S GMT 19.703 
Depth 30 ft Depth 18 ft Depth 30 ft 
DEPTH TER P DEPTH TEMP SAL DEPTH TEMP 
0006 —0004 0006 -0004 0215 0006 -0002 
0008 -0004 0008 -0004 0008 -0002 
C010 -0004 0010 -0004 0073 0010 -0002 
60012  -0004 0012 -0004 0012 -0002 
0014 -0004 0014 -0004 0014  -0002 
0016 -0004 0015 0077 0016 -0002 
0018 -0003. 0016 -0003 0017 £-0002 
0019 0002 OOLT YeSe003 0018 0000 
0020 0012 0018  -0004 0019 0012 
0021 0016 0020 0020 
0022 0017 0022 0023 
0024 0019 | 0024 0023 
0026 0020 0026 0028 
0029 0023 0029 0031 
Cons 080 Loc 03 Cons 082 Loc 21 Cons 084 Loc 15 
Lat 69° 24 44N Lat 69° 42 50N Lat 69° 26 57N 
Long 132° 58 37W Long 133° 20 30W ° Long 132° 59.42W 
GMT 03.5 03 v GMT Te 0S ae GMT ** 216" 0300 
Depth 84 ft Depth 25 ft Depth 30 ft 
DEPTH TEMP DEPTHOGULE «@ Rgaaca LC DEPTH TEMP 
0006 -0004 0006 -OQO1U 0035 0006 0000 
0008 -0003 0008 -GO10 0008 0000 
0010 -0004 0010 -0010 O164 0010 0000 
0012 -0004 0012 -GOl2 0012 0000 
0014 -0003 0014 gor00l2 C200 0014 0000 
0016 -0002 0016 0014 0205 0016 —-0002 
0017 -0003 OO1T. yaeO0e2 0017 -0002 
0018 -0002 0018 -O0e% 0210 0018 -0002 
0019 0014 0019 -0028 0019 -0002 
0020 0016 0020 =003' 0809 0020 0008 
0021 0017 0021 -0046 0021 0017 
0023 0019 0022 -0056 1106 0024 0023 
0024 0020 0023 -0059 0029 0030 
0026 0020 0024 -0059 


0025 -0061 


Cons 
Lat 
Long 
GMT 
Depth 


085)" |) Loc 48 
69°) 027 {ZN 
1332) 000 420.W 
22 ae, OS Bis 
PAS 8 5 


BEETH TTR Be PP 


JUO6 
0008 
0019 
0012 
0914 
0016 
CO1T 
0018 
O019 
0920 
C021 
0022 
0023 


Cons 
Lat 
Long 
GMT 
Depth 


G000 
V00G 
-C002 
0000 
0002 
GOOG 
OY00 
-0002 
0000 
COO9 
0014 
C016 
GCI20 


O86. 4 LOCLES 
69° 264 5a N 
La2e, Oo. OM, 
2204080 x 

18 ft 


DEPTH »)GeM P 


0006 
0008 
OO10 
0012 
0014 
C016 
GOlT 
0018 


0000 
0000 
000U 
0000 
0000 
0000 
-0002 
COOC 


Cons 
Lat 
Long 
GMT 
Depth 


DEPT 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 


Cons 
Lat 
Long 
GMT 
Depth 


os SO. 


087,/\) Loc (3 
60°, 426: vou 
132°) "59 3OW 
209 Ae 10Sat w 

18 ft 


Hawt Ep ROR 


090G 
0000 
0000 
0000 
-G00Z 
-0002 
0000 
0001 


088 Loc 138 
69° 26°e1N 
132° 59.308V 
00.1 04 v 

18 ft 


A a hee 


0006 
0008 
0010 
Oy i 
0912 
CO13 
CO1L4 
CO1L5 
0016 
GO YT 
C018 


Cons 
Lat 
Long 


089 
69° 
132° 


GMT 00.6 


Depth 
DEP ft 


0006 
04008 
C010 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
C020 
0021 
0022 
0023 


Cons 
Lat 
Long 
GMT 
Depth 


bePT 


0006 
0008 
0016 
0012 
OO1L4 
0015 
0016 
0017 
0018 
0019 
GO20 
0021 
0022 
0023 
0924 
0026 
0029 


30 ft 


H 


Loc 14 
26 5S6N 
59 39W 
04 v 


TEE MMPP 


0006 
-0002 
-CG002 
-0002 
-0002 
-0003 


-0002 
-0002 
=0002 


090 
ao 
132° 
00.8 
30 ft 


H 


v0O00 
0002 
0000 
0011 
OO17 
9019 


Loc 15 
26 STN 
59 42W 
04 v 


Tee we 


-0002 
-0003 
-0003 
-0003 
-0003 
-0002 


v000 


-0002 
-000¢2 


0000 
0005 
0017 
OOlT 
0020 
0022 
GCO25 
0030 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0000 
0002 
0004 
v005 
0006 
0008 
0010 
0612 
0014 
0016 
GOO1T7 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0018 
0019 
0020 
0022 
0024 
0026 
0028 
0030 
0032 


091 
oo; 
132° 
03.8 
17 ft 


Toe 


Loc 04 
24 58N 
598 04W 
04 v 


BP a) SA 


-0004 
-0004 
-0003 


OCT6 


=—0003 

-9003 

-9003 OOTT 
-0003 
-0003 

-0003 

-9002 


092 
69° 
132° 
04.5 
33 it 


ot 


Loc 02 
23 ATN 
oy 21W 
04 v 


oP 


-0006 
-0004 
-0004 
-0003 
-0003 
-0003 
000C 
0009 
OOFT 
0025 
0026 
0026 
0019 
0011 
0009 


L 


Bao ae 


Cons 093 
Lat 69° 
Long 132° 
GMT 04.8 
Depth m? (3 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0018 
0019 
0020 
0022 
0024 
0026 
0028 
0030 
0032 
0034 
0036 
0638 
0040 
0045 
0050 
0060 
0065 
0067 


Loc 07 
24 56N 
598 26W 
04 v 


B Riteg ae Pie 


-0004 
-0004 
-0003 
-0003 
-0003 
-0002 
0000 
0006 
0014 
0022 
0023 
0020 
0011 
C000 
-0006 
-0012 
-0017 
-0018 
-G024 
-0041 
-0043 
-0041 
~OOfaL 
-0041 


Cons 094 Loc 09 


Lat 


69° 525 29N 


Long 132° 58 38W 
GMT 05.0 04 v 


Depth 42 ft 
DE Pay. Tye Ee MF 
0006 —-0002 
0008 -0003 
0910 -6003 
0012 -06002 
0014 -0002 
0016 0000 
0018 -0002 
0019 0006 
0020 0016- 
0022 0020 
0024 C023 
0026 0019 
CO28 0009 
0030 0006 
0032 -0009 
0034 -001l2 
0036 -0017 
0038 ~001 7 
0040 -0018 


Cons 095 Loc 15 


‘Lat 
Long 


69° 263 30 N 
132° 59 42W 


GMT 05.4 04 v 


Depth 
DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0018 
0019 
0020 
0022 
0023 
0024 
0026 
C027 
0028 


30 ft 
T ECRY? 


0003 
0003 
0002 
0002 
0002 
0002 
0002 
0014 
0017 
Ool? 
0019 
0019 
0020 
0026 
0026 


= Ae 


Cons 096 Loc 04 Cons 098 Loc 02 Cons 100 Loc 15 
Lat 69° 24 58N Lat 69% 23 4mN Lat 69° 26 57N 
Long 132° 58 04W Long 132° 59 21W Long 132° 59 42W 
GMT) 18-40 4049i%, GMT 19.5 04 v GMT (23:8 04o" 
Depth, 17-ft Depth 33 ft Depth 30 ft 
DEPTH TEMP CEPTH TE™MP DEPTH TceMP 
0000 0002 0006 0002 0006 G003 
0002 0002 0008 -0002 0908 0003 
0004 0002 0010 -000z 0010 0003 
0006 -0002 0012 -0003 0012 0003 
0008 0000 0014 -0002 0014 0003 
0010 0002 0016 -0003 0016 0005 
0012 0002 0017 -9002 OO1T7 0005 
COOLS 0003 0018 0008 0018 0006 
0016 0005 0019 0014 0019 0005 
0020 0020 0020 0014 
Cons 097 Loc 07 0022 0030 0021 0023 
Lat 69° 24 56N i i 0022 0025 
026 028 0024 0031 
oe ee Cm ae pose (boee 
‘ 0030 0012 
Depth 73 it 0031 0011 Cons” iti” Loews 
C1 big Ce Sip» Cons 099 Loc 15 Lat 69° 26 57N 
wan é howe Lat 69° 26 57N Long ne , A2W 
6008 0000 Long 37 59 42W GMT 3 Vv 
GO1G  -G6002 CMTC 20. 0 045-v Depth 30 ft 
COl2 0000 Depth 30 ft ‘on 
6014 0002 DEP DHO—T (EUROS 
OO16 COO2 DEPTH TE MP 
OO1T 6003 0006 0009 
0018 0006 v006 00006 0008 0009 
0919 0014 C008 F-00072 0010 0009 
0020 0019 00106 -000Z 0012 0006 
0022 0022 0012 -0002 0014 0008 
0024 0025 0014 -0V002 CO16 0008 
0026 0019 0016 -0002 OO1T 0005 
C028 OOll 0017 0002 0018 0005 
0030 0002 0018 0012 0019 0012 
0032 -~0009 0019 0019 0020 0008 
0034 —-O0022 GO20 0019 C021 0017 
0036 -0014 0021 0019 0022 0022 
0038 -~0020 0022 0019 0024 6030 
0040 -0028 0024 0023 0026 0036 
C042 -0037 0026 0030 
0045 -0040 0028 0036 
0050 -0040 
0055 -0046 
0060 -0040 
0065 -0041 


0067 -0041 


_ A762 


Cons 102 Loc 15 Cons 104 Loc 15 Cons 106 Loc 15 
Lat G97" 200 1.N Lat 69° 26 57N Lat 69° 26) SiN 
Long 132° 59 42W Long 132° 59 42W Long 182° 59 42W 
GMT 00.0 05 v GMT 00.7 05 v GMT OF. 3 05 v 
Depth 30 ft Depth _30 ft Depth 30 ft 
DEPTH TEM P DEPTH TT E MP DEP TUE) (Unita ae 
0006 0006 0006 0003 0006 0006 
0008 0006 0008 0005 0008 0006 
0010 0006 0010 0006 0010 0006 
0012 0006 0012 0005 C012 0006 
0014 0006 0014 0005 0014 0006 
0016 0006 0016 0005 0016 0005 
0017 C006; 0017 0005 0017 0005 
0018 0006 0018 0003 0018 0006 
0019 0009 0019 0005 0019 0006 
0020 0008 0020 0006 0020 0005 
0021 0017 0021 0017 0021 0019 
0022 0019 0022 0020 0022 0023 
0024 0030 0024 0028 0023 0026 
0026 0034 0026 0034 0024 0028 
0029 0039 0025 0030 
Cons 103 Locis 0026 0031 
Lat 69° 26 57N Cons 105 Loc lo 0027 0033 
Long 132° 49 42W Lat 69° 26 57N 
GMT 00.3 05 v Long 1320) 89 eo W Cons 107 Loc 04 
Depth 30 ft GMT 01.0 05 v Lat 69° 24 58N 
nee Depth 30 ft Long 132° 58 04W 
DEPTH | OE SAP i a os eee ae GMT 02.0 05 v 
0006 0009 De petri 
0008 0006 0006 0008 DEPTH TEMP 
0010 0008 0008 0006 
0012 0005 0010 0005 0000 0006 
. 0014 0006 0012 0005 0002 0005 
0016 0005 0014 0005 0004 voos 
0017 0005 0016 0005 0006 0006 
0018 0006 0017 0005 0008 0005 
0019 0006 0018 0006 0010 0003 
0020 0005 0019 0006 0012 0005 
0021 0017 0020 0006 0014 0006 
0022 0017 0021 0020 0016 0006 
0022 0023 
0024 0036 


0026 0031 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
0006 
0008 
0010 
0012 
0014 
0016 


108 Loc 04 
69° 24 58N 
132° 58 04W 
16.9 05 v 
she 3 


TES 


0003 
0003 
9003 
0004 
0004 
0006 
0006 
CO06 


S49" = 


Cons 
Lat 
Long 
GMT 
OEPTH 


vtPTH 


0000 
0005 
0006 
C008 
6010 
GQ12 
0014 
Q916 
0018 
0026 
0025 
0030 
0035 
0040 
0045 
0050 
0055 
0058 


109 Loc M-1 


6876 21,,00'N 

134° 11 00W 

O2r2 406 Vv 
60 


TVerrhe 


-0004 
-0004 
-C004 
-0004 
-8002 
-0004 
-0002 
-0002 
-GO0Z 
-0002 
-0N002 
-0004 
-0004 
-0002 
—-0002 
-G004 
-9004 


eA fs 


NRC Programme 
Phase ll 
Serial data 


Consecutive numbers 1 to 8l 


CRN 448 


aA 


Cons 001 #$£=“Loc 23 Cons 002 Loc 24 
Lat 602. 2a. IZ 2N Lat 69° 23 45N 
Long 132% 259) uZ2GW. Long 132% 59 25.W 
GMT PSuo Ve2tiegs GMT 19, by 263 Xi 
Depth 23 ft Depth 35 ft 

Dt PAH aie a eP eS Ae EP Tee iy ce ee? pe SA 
0002 -O0021 0230 0002 -0005 0220 
0003 ep BRON ART 0240 C003 —CODT 0210 
0004 -0024 0270 0004 -O012 0310 
0005 -0024 0340 6005 -O0012 C370 
0006 -0020 0650 0006 —~O0LOinGs G600 
0007 -0012 0960 0007 -Q005 1140 
0008 —-0008 1770 0008 0001 21396 
C009 -0008 1920 0009 -O001 2540 
0010 -0010 2570 0019 -0001 2480 
0011 -0011 0012 -0009 CItLG 
0012 -0012 2660 0014 -0009 Z247G 
0013 -O00l2 0015 -0002 

0014 -0014 2700 0016 6002 2800 
0015 -O0012 0018 -0005 2840 
0016 —0010 2730 0020 -0002 2860 
0017 -0008 0022 -0008 289C 
0018 -0007 2780 0024 -v009 

0019 -0005 0026 -0010 

0020 -0004 2820 0028 -6G008 

0021 -0004 60030 -0005 290C€ 
C022 -0003 2840 


0023 0001 


A 


Cons 003 Loc 45 Cons 005 #£=Loc 28 

Lat 69° 26 35N Lat 69° 24 43N 

Long 133° 02 11W Long 132° 58 37W 

GMT 29, OG Axi GMT 18.0 27 xi 

Depth 34 ft Depth 85 ft 
DEPTH TEMP SAL DEPTH TEMP SAL 
0002 0007 0002 -0002 0090 (1 37KR 
0004 0002 006C 0003 -0004 o100 4 i 
0006 0001 0155 0004 -0011 03320 ‘1. 37KB 
0008 -OO1L7 242C 0006 -0015 0640 { 
0009 -0035 2580 0007 -0016 bloo ‘4,07KB 
0010 -0038 | 2680 0008 -0012 1900 (25,05KB 
0012 .-0048 2730 0009 -0007 2480 
0014 -0052 277 0010 -0013 2660 ‘24. 96KB 
0016 -0055 2760 0012 -0036 2740 
0018 -0054 0014 -0031 2770 
0020 -0053 2790 0016 -0021 2810 
0022 -0052 0017 £-0036 2840 
0024 -O0051 2805 0018 -0025 2840 
0026 -0050 2810 0019 -0050 285 
0028 -0049 2810 0020 -0050 2890 
0030 -0049 2840 0025 -0056 2900 ,29, 59KB 
0032 -0046 0030 -0068 2900 -{ 
0034 -0043 0035 -0065 29. GBIGB 

0040 -0056 2900 

Cons 004 Loc 33 0045 -0059 2900 

Lat 69° 24 58N ‘0050 -0062 2900 

Long’ (132°) 58 “05 W 0055 —-—0067 

GMT 00.3 27 xi ee ~ 0064 ave 

Depth 15 ft 0070 -0062 2900 

DEPTH TEMP SAL 0O7T1 2900 

0072 2900 

0001 -0025 0300 0073 2900 

0002 -0025 0280 0074 2906 
0003 -0027 0320 0075 2900 
0004 -0027 0330 0076 2900 
0005 -0027 0340 oo7TT7 0006 2340 
0006 -0027 0370 
0007 -0035 1000 
0008 -0036 1490 
0009 -0040 2030 
0010 -0031 2570 
0011 -0038 2650 
0012 -0059 2710 
0013 -0062 2720 
0014 -0057 2740 


0015 -0057 Peal d8 9 


HAG 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
C008 
0009 
0010 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0035 
0040 
0045 
0050 
0055 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 


007 #£Loc 30 
69° 24 58N 
132° DSesl0 W 
00.0 Z8hxi 
55 ft 
T te > A 
-0004 
-0006 0090 
-0006 0110 
-0008 0210 
OOD 0380 
-0014 0520 
=—O014 1500 
-0026 2410 
=—OO27 2580 
-0047 2740 
-0041 2760 
-0041 2720 
-0050 2800 
-0059 2820 
~O0T7 2900 
-0078 2900 
-0067 
-0068 2900 
-0070 
-0075 2900 
-0068 
008 Loc 44 
69° 26 20N 
boo ia ao, 
Ye ee Ac ae 
Zt AG 
T E MSe0-sS A 
0002 00060 
0001 0000 
-Cool 0000 
0000 0050 
0003 O32 
0018 0760 
0035 1530 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 - 
0010 
0012 
0014 
0015 
0016 
0018 
0020 
0025 
0028 


ae 


009 Loc 42 
59°" 25 SSN 
132°"°58 45 W 
13.625 = 
69 ft 
few PP S.A IL 
-0002 0050 1. 04KB 
-0003 00704 
-0001 0080 ‘0. 93KB 
-0004 0170 
-0010 0570 (6. 06KB 
-0012 06904 
-001.7 1100 ‘6. O8KB 
-0019 2220 
-0027 2570 
—-0036 2700 
-0052 2450797 41KB 
-0050 oe el 
-0052 2830 
-0058 2840 
-0066 2906 
-0057 


O10, Loe 27 
69° 24 32N 
132. 58 BO Ww 
Dee 8 el 
70 ft 
Tt BMP SA 
0012 0100 
0008 0130 
0003 
0000 0340 
0400 
-0004 0540 
1030 
2320 
-0003 2600 
-OO1LT7 2710 
-0026 
-0013 2820 
-0017 
-0028 2880 
-0048 2870 
-0069 2900 
-0047 
-0036 
-0057 2900 
-0048 
2900 
011 Loc 28 
69° 24 43N 
132-4 OS sou 
Aon OD: ao pA 
85 ft 
TcE M POS A 
0014 
0008 0060 
0001 0340 
0730 
-0006 2250 
-0016 2510 
-0049 2780 
-0061 2900 
-0052 
-0064 
-0050 
-0040 
-0024 
-0026 
-0008 
0001 2580 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0001 
G002 
6003 
0004 
C005 
0006 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
C005 
0906 
0007 
C008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0V27 


012 
69° 
1327 
00.5 
6 ft 


013 
69° 
132° 
18.3 
28 ft 


he Oe 


0000 

0000 

0000 
-0001 
-0001 
-OO001 
-0008 
-0025 
-0C040 
-0048 
—-0048 
-0048 
-0051 
-0056 
-0051 
-0051 
-0052 


Loc 34 
24 59N 
98 03W 
Zo 


0380 
0420 
0400 
0490 
0500 
0520 


Loc 48 
26 58N 
99 43W 
29 Xi 


Pris A 


0040 
0040 
0030 
0030 
0030 
0040 
0280 
1820 
265C 
2780 
2800 
28600 
2876 
2870 
2890 
2900 
2910 


L 


- 48 - 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0016 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
OVll 
0012 
0016 
0020 
0025 


014 #4x.Loc 48 
69° 26 58N 
132° 59 43W 
19.4% Bo x 
28 ft 
TEMP SA 
0017 0000 
0011 0000 
0009 0000 
0005 0030 
0004 0040 
0002 0090 
-0005 0490 
-0026 2460 
-0040 2660 
-0049 2770 
-0054 2800 
015 Loc 48 
69° 26 58N 
132° 09 4a W 
eae 2 ex! 
28 ft 
THET HM Po BOW 
0010 0000 
0008 0000 
0004 0000 
0003 0000 
6003 0000 
0001 002C 
-0001 0050 
-0029 1506 
-0038 2530 
-0044 27140 
-0048 2800 
-0052 2860 
-—0056 2900 
-0056 2920 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0020 
0025 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0020 
0025 


016 Loc 48 
69° 26 58N 
132°) 59 43'W 
22.0: 029 oxi 
28 ft 
T&M SA 
0009 0000 
0006 0000 
0003 0000 
0001 0000 
0001 0020 
-0001 0030 
-0025 2080 
-0034 2470 
-0034 2620 
-0039 2690 
-0046 2750 
-0048 2830 
-0053 2870 
-0054 2900 
017 #=xLoc 48 
69° 26 58N 
132° 59 43W 
OL52°30 xi 
28 ft 
Tree 8B TS A 
0003 0000 
0002 0020 
-0001 0030 
-0002 0040 
-0002 0040 
-0003 0040 
-0008 0190 
-0020 1200 
-0033 1910 
-0042 2520 
-0044 2640 
-0050 27170 
-0054 2850 
-0056 2900 
-0056 2900 


HOLS 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0016 
0011 
0012 
0014 
0016 
0018 
0020 
0022 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
ooll 
0012 
0014 
0016 
0018 
0020 
0025 


018 
69° 
132° 
04.0 
28 ft 


TEM 


-0001 
-0001 
-0002 
-0002 
-0003 
-0003 
-0009 
-0016 
-0034 
-0035 
-0045 
-0053 
-0055 
-0058 
-0058 
-0058 


019 
69° 
132° 
05.5 
28 ft 


Tacexr 


0001 
-0001 
-0003 
-0003 
-0003 
-0003 
-OOl1L 
-0016 
-0040 
-0044 
-0048 
-0052 
-0058 
-0059 
-0060 
-0062 


Loc 48 
26 58N 
09 43W 


30 xi 


Pe aR 


0020 
0020 
0020 
0030 
0030 
0020 
0320 
0840 
2150 
2550 
2630 
2850 
2870 
2900 
2900 
2900 


Loc 48 

26 58N 
59 43W 
30 xi 


PP. Sah 


0000 
0000 
0020 
0020 
0030 
0030 
0380 
0830 
2530 
2730 
2790 
2830 
2890 
2900 
2900 
2900 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0005 
C007 
0008 
0009 
0010 
0011 
0012 
0014 
0920 


Cons 
Lat 

Long 
GMT 


Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
Coll 
0012 
0014 
CO16 
0018 
0020 
C025 
6030 
6035 
0040 
0045 
0950 


020 Loc 48 
69°.-26 58iN 
132° 59 43W 
06.5 30 xi 
ZOvEt 


oI os ag cae Sia 


-0001 00CO 
-0002 0000 
-0003 0000 
-0003 0030 
-0006 0250 
-0025 2440 
—-0043 266C 
-O047 2740 
—0053 2790 
-0059 2900 
-0060 2906 
OZ) -Inoc 30 
69° 24 58N 
ise oo. LOW 
Be ie Sic inde. 
55. tt 


TE Ame P SA 


-0001 0080 
-0001 0110 
-0001 0140 
-0003 0360 
-0003 9400 
=FO05 0576 
-0006 0820 
-0012 1450 
= FONE 2650 
-O0O11 2700 
-0014 2740 
-0021 278C 
-0021 2820 
—O25 2830 
-0028 2830 
-6052 2900 
-0054 2910 
-0046 2920 
-0048 2910 
-0043 2910 


-0040 


- 50 - 


G27 Vatioc "23 
GIeE23 ~Z2IN 
1328 B59 ~2Z6OM 
£9.35. 50 “xa 
Romie 
Tt. hep we A 
-0010 0600 
-0005 0600 
-0010 0800 
-O010 1000 
=O007S 2000 
-0016 2200 
-0016 2440 
-0018 2610 
-0018 267G 
-0023 2686 
=—QOS2 2690 
-0027 2600 
-0026 2610 
023% 1Loca25 
69° 24 10N 
132758 46W: 
$929 780 xi 
34 ft 
TeE GM x gSarhk 
-0001 0370 
-60001 0370 
-cool 0360 
-0002 0360 
-0002 0350 
-6003 0360 
-G006 0700 
-0018 1620 
-0018 2280 
-0024 2660 
-0028 2710 


- 51 - 


Cons 024 Loc 26 Cons 0265. Locc23 
Lat 69° 24 18N Lat 69° 23° 22N 
Long 132° 59. 30W Long 132° 59 26W 
GMT A0vDe OO) Xt GMT Zan boise Xt 
Depth 5 OoLL Depth 2a Lt 
DEPTH TEMP S AL VERT TE Mee Sai 
0002 -0007 0400 0002 -0003 0260 
0004 -0004 0370 0003 -0004 0220 
0006 -0004 0370 0004 -0Q0004 0250 
0007 —-0004 0370 0005 -0004 0300 
0008 -0008 0620 0006 -0004 0290 
0009 -O0018 1650 0007 -0005 0410 
0010 -0014 2560 0008 -0012 0900 
OOll = -0017 2380 0009 -0018 1320 
0010 -~0019 2430 
Cons 025 Loc 38 0011 ~0020 2610 
Lat 69° 94 57N 0012 -6029 2680 
Long 132% 58. 02 W 
GMT 20.6 30 xi Cons 027 Loc 30 
Depth 16 ft Lat 69° 24 58N 


Long 132° 58 10W 
GMT Zo08n "oO Xi 


DEPTH T &GeMepP SYA UL pepth 854 


0002 -0003 0280 
0004 —-0003 0300 DERBTH TT --MuP 3 SA 
0006 -0004 0330 
0007 —0005 0360 0002 -0001 0050 
0008 -0012 1010 0003 ~0002 0050 
0009 -0018 1690 0004 -6003 0050 
0010 -0020 2480 0005 -0006 0260 
Ooll -0018 2660 0006 ~0006 0310 
0012 -0022 2670 0007 -0009 0560 
0014 ~0022 2740 0008 -0016 1180 
60015 ~0036 2770 0009 -O0O1T7 1530 
OO1L6 ~0035 2790 O0LO -0019 2410 
0011 -0012 2630 
0012 ~0022 2680 
0014 -0032 2740 
0016 —0034 2780 
0020 -0053 2830 
0025 -0065 2870 
0030 -0070 2900 


0040 -0059 2900 


- 52 - 


Cons 028 Loc 27 Cons 030 Loc 28 
Lat 69° 24° 32N Lat 69°.024 -43.N 
Long 132° 58 39W Long 132° 58 37W 
GMT Zon9 30) Xi, GMT KS AO. Oe ext 
Depth 70 ft Depth . 85 ft 
DEPTH TEMP SAL DePLA Tope pe @P. cS pA Gd. 
0002 -0001 0080 0002 0007 0060 
0003 -0004 0070 0003 -C004 0070 
0004 -0004 0070 0004 -0004 0070 
0005 -0004 0060 0005 -C006 0100 
0006 -0008 0210 0006 -0008 0300 
0007 -0008 0280 0007 -0008 0320 
0008 -0011 051G 0008 -0010 0720 
0009 -0012 1100 0009 -0014 1290 
0010 -0008 24306 0010 -0012 2340 
OO11 -0012 2620 OOl11l -0012 2590 
0012 -0017 2670 0012 -0014 2660 
0014 =O031 2730 0014 -0024 2740 
0016 -0034% 2780 0016 -6031 2760 
0020 -0052 2820 0018 -0037 2820 
0025 -0046 2880 0020 -0045 2840 
0030 -0062 2900 0025 -0061 2900 
0035 -0044 2900 0030 -0058 2900 
0040 -0040 2900 0033 -0051 
0050 -0060 2900 0035 -0040 2900 
0070 =O 32 2410 0037 -0047 
0040 -0054 2930 
Cons 029 Loc 44 0045 -0058 2910 
Hao. tim. 204 soos noose 
Dene) TaeQye 238 0060  -0057 2910 
GMT OOSBVOl x 0065 ~0050 2910 
Depth 27 ft 0070 -0044 2900 
0075 -0041 2900 

2 : 0076 -0040 2900 
DEP HH TB dMOP SAME 0077 -~0040 2900 
0002 0004 0000 pins peri ps 
0003 0000 0020 

0004 -0002 0040 

0005 -0003 0056 

0006 -0002 0060 

0007 0005 0200 

0008 0018 0600 


0009 0032 100C 


- 538 - 


Cons 031 Loc 28 Cons 035 Loc 24 
Lat 69° 24 43N Lat 69° 23 45N 
Long 132° 58 37W Long 132° 59 23W 
Gur “3. c°0R xii GMT 12.5 02 xii 
Depth 85 ft Depth 35 ft 
DEPTH TEMP SAL DEPTH TEMP SAL 
0005 0191 0000 0155 KB 
0010 2419 
0015 2774\ vp Cons 036 Loc 22 
0020 2840 eae 69° 23 ye 
0030 2940 pv , 
0050 2963 ene 1820059 19 W 
| GMT 18.5 03 ~ xii 
Depth 26 ft 
Cons 032 Loc 44 
Lat 69° 26 20N 
Long 132° 57 55W DEPTH TE MP Sf AOL 
GMT 180402 xii ao a 0 yess 
Depth 27 ft 0003 -0009 0090 
0004  -0010 0100 
| 0006 -0013 0270 
0000 0050 KB 0007 -0014 0310 
0008  -0014 0300 
Cons 033 Loc 42 0009 -0012 0530 
Lat 69° 25 58N 0010 -0008 1140 
4 0011 0000 2500 
anne ts * “ae 0012 0000 2540 
0013 0000 2650 
Depth 69 ft 0014  -0004 2710 
0016  -0004 2730 
DEPTH TEMP Sat 0018  ~0010 2740 
0020 -0016 2790 
0000 6117 KB 6025 -0025 2820 
0028 -0026 2840 


Cons 034 Loc 27 
Lat 69° 24 32N 
Long 132 08 39 W. 
GMT j Me: oy Pl a © 
Depth 70 ft 


DEPTH TEMP SAL 


0000 0129 KB 


on RA em 


Cons 037 Loc, 23 Cans,  ,G330) Lee 4 
Lat OO sigeio ZeN Lat 69°... 24 3 Ly IN 
one, 262 59 ea ow Loong, 432" nOS Wheea,W 
GMT Dz as X11 GMT 2iye pet 
Depth 23) it Depth 70 ft 
DEPTH Wie oe FP Saw DEPTH 9 T.E aor Soa 
0002 -0006 0050 0002 -0006 0070 
0003 -0006 0060 0003 -0006 0060 
0004 -0006 0060 0004 -0007 0060 
0005 -0007 0060 0005 -0008 0110 
0006 -0008 0260 0006 -0008 0270 
0007 -0009 0330 COOT -0009 0310 
0008 -0010 0390 0008 -0010 0420 
0009 -0012 0740 0009 -0014 1060 
0010 -0020 1750 0010 -0016 2370 
0011 = GOS 2600 0011 -O0O11 2620 
0012 -0011 2550 0012 -0013 2670 
0013 -0014 2700 0013 -0019 2710 
0014 “0025 1520 

Cons 038 Ligier 3 

Lat 6a 424 Vee Cons 040 Loc 28 
Leng 1324.58 05 W Lat 69° 24 43 N 
GMT _19,46y)0.3 xii yong ‘ln32., 58 37 W 
Depth -23)dt GMT Gyn224 040 3 Sis 

Depth ss5sit 


8 oo a ED Mies bec Ge ee he 
DEPTH. dys MP SpADe 


0002 -0006 0070 
0003 -0007 0070 0002 -0006 0050 
0004  -0007 0070 0003 -0006 0050 
0005 -0007 0110 0004 -0007 0050 
0006 -0008 0290 0005 -0008 0090 
0007 -OO11 0370 0006 -0008 0250 
0008 -0011 0530 0007 -0009 0300 
0009 -0015 0950 0008 —0010 03806 
0010 -0018 2230 0009 =-0015 1060 
0011 -0011 2590 0010 -0016 2310 
0012 -0011 2670 0011 -0011 2610 
0013 -0015 2700 0012 -0013 2670 
0013 -0018 2710 
0014 -0028 2720 


0015 -0031 2750 


- 55 - 


Cons 041: Loc 29 Cons 043 Loc. 23 
at 69° 24 53N Lat 697 23 Zea 
Long 1327. 58 35 W FO es a9 26 W 
GMT Bote (O xil GMT 00.0; 04 pete) 
Depth 64 ft Depth? 25: 5% 
DEPTH TEMP S,ALL OB BUR So ies MB) Sea 
0002 -~0006 0050 0002 -0008 O15C 
0003 —-0006 0060 0003 -0010 0120 
0004 —O007 0060 0004 -0008 0230 
0005 0100 0005 -0008 0260 
0006 —0008 0220 0006 -0008 024C 
oooT —0009 0310 0007 -0009 0270 
0008 -OOL1 0410 0008 -0009 0310 
0009 —-O015 1070 0009 -0012 0870 
0010 -0016 2350 0010 -0016 1600 
0011 -—O0011 2606 0011 -0012 2250 
0012 -—0013 2670 0012 -0012 2530 
0015 -0035 2740 0013 -0016 2680 
Cons 042 Loc#s0 Cons 044 Loc 24% 
Lat 69° 24 58 N hat 69° 24 32 N 
ene. hae" 58 10 W PON & 5 WS) A isis 39 W 
CML 2Bb2..03 xii GMT 07204 Xil 
Depth 55 4t Depth 70 ft 


DEPTH, TobeM PS ATL DEPTH TEMP SAL 


= 0 
0002 0005 a8 0002 -0005 0060 
0003 -0006 0040 
. 0003 -0006 0050 

0004  -0006 0036 

0004 -0007 0140 
0005 -0007 0030 

0005 -0008 0210 
0006 -0010 0110 | 

0006 -0008 0230 
0007 -0011 0220 

0007 -0008 0280 
0008 -0022 0290 

0008 -0008 0450 
0009 -0017 0720 

0009 -0010 0640 
0010 -0014 1370 

0010 -0014 2290 
0011 -0009 1690 

0011 -0011 2600 
0012 -0010 1930 

0012 -0011 2670 
0013 -0015 2540 

0013 -0015 2700 
Palas FORE 0 £BE0 0014 -0019 2730 
0015 -0031 2720 
0016 -0040 2740 


0020 -0060 2800 


= 


Gone O45 Loc.28 Cons 047 Loc 40 
Lat 69° 24 43 N Lat 69° 25 O5 N 
Ione, | Sie sae SL Wa Long, We2a 538 33 W 
GNU "00; 43° GA Xi GMT bh & O-4 X1i 
Depth, &5; it Dept: 22) it 
CEPTH, TW & MP SS A & DEPTH RkeEMPB S&S AE 
0002 -0006 0080 0002 0003 0000 
0003 -0007 0070 0003 -0001 COUO 
0004 -O000T 0070 0004 -0002 00006 
0005 -0007 0180 0005 -0002 0000 
6006 -O0012 0230 GOOG"  -~O002 0000 
0007 -6008 0280 0007 -0002 0020 
0008 -0009 0430 0008 -0006 0040 
0009 -O0l11 0960 0009 ~OOF 1 0500 
0010 -O0O15 2150 0010 -0012 1100 
OOl1 -0009 25806 0011 -0025 2500 
0012 -O011 2650 0012 -0038 2700 
0013 -0015 2690 0013 -0043 2760 
0014 -0022 27406 0014 -0045 2780 
0015 -0029 2760 0015 -0043 2800 
0016 -00443 2820 
Cons 046 Loc 29 Cons 048 Loca} 
lat 69" 24 53-N war 6958 2.6 LZ N 
ono 9 locas 35° W Long « Lady So 13 W 
GMT” 00. - 204 Xil GMT bls Ging OD Xil 
Depth 64 ft Depth 46 ft 
DEPTH YF BYMYP (Sea e 
DEPTH TEMP SAL 
0002 -0002 0000 
0002 -0006 0080 0003 -0002 0006 
0003 -0005 elowae 0004 -0003 0000 
0004  -0005 0070 0005 -0003 0000 
0005 -0008 0080 0006 -0003 0000 
0006 -0008 0210 0007 -0004 0030 
OOOT -0007 0310 0008 -0008 0260 
0008 -0009 0436 0009 -0011 0340 
C009 -0009 08206 0010 -0015 1840 
0010 --0015 207C OOlL -0028 2380 
OOll —GOAalr 2570 0012 -0034 2540 
0012 -0009 2670 0013 -0041 2680 
0013 —OO17 2700 0014 -0043 2720 
0014  -0021 2750 0015 -0045 2800 
0015 -0032 2760 0016 -0044 2820 
0017 -0047 2880 
0018 -0047 2900 
0019 -0047 2900 
0620 -0047 2900 
0021 -0047 2900 


Cons 
Lat 

* Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 


049 
Sei 
oes 
9:0 
46 ft 


26 
04 


eM"? 


-0001 
-0002 
-0002 
-0002 
-0002 
-0004 
-0007 
-0009 
-0014 
-0027 
-0040 
-0042 


—-0044 


-0045 


050 
69° 
Laat 
19.5 
oerit 


2D 
58 
04 


Pere Pr 


-0001 
-0002 
-0002 
-0002 
-0002 
-0002 
-0007 
-0011 
-0013 
-0025 
~OOST 
-0044 
-0045 
-0044 
-0046 
-0046 
-0047 
-0046 
-0046 
-O004T 


Loc 43 
acai 
13 W 


xii 


SAL 


0000 
0000 
0000 
0000 
0000 
0060 
0280 
0420 
1510 
2600 
2620 
2680 
2750 
2880 


Loc 40 
O5 N 


-57 - 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
OOLO 
0011 
0012 
0014 
0016 
0018 
0020 
0024 
0030 
0033 


Cons 
icant 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
0006 
0007 
0008 
0009 
0010 
Coll 
0012 
0014 
0015 


Oot 

Send. Wes: 
5S Ole 
20.3 04 
33° it 


1c 4 .P 


0002 
-0001 
-0001 
-0001 
-0002 
-0003 
-0007 
-0012 
-0023 
-0033 
-0042 
-0052 
-0054 
-0053 
-0053 
-0051 
-0051 
-0051 


052 
62° 
seen 
E2A9 
46 ft 


26 
Bg 
04 


Tt 6a P 


0004 
-0001 
-0002 
-0003 
-~0006 
-0009 
-O0019 
-0023 
-0031 
-0044 
-0046 


Loc 46 
46N 
03 W 


X11 


es 


0000 
0000 
0000 
0010 
0040 
0100 
0400 
0990 
2260 
2580 
2680 
2740 
2800 
2830 
2800 
2800 
2820 
2800 


Loc 43 
L2uN 
13 W 


x11 


Cons 


Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
‘0006 

0007 

0008 

C009 

C010 

0011 

0012 

0014 

0016 

0018 

0020 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0021 


oF y a5 


oes 2.04 


0001 

0000 
-0001 
-—0003 
-0005 
-0008 
-0018 
-0027 
-O0GS.% 
-0043 
-0044 
-0045 
-0C046 


a ah 


0030 
0020 
0100 
0160 
0330 
0550 
1960 
2570 
2700 
278U 
2800 
2860 
2890 


054 Loc 40 


OT ae 
132 poe 
0021, 05 
Lae Et 


i ee 


0001 

0000 

0000 
-0003 
-0005 
-0009 
es 
-002:9 
-0035 
-0046 
-0047 
-0049 
-0049 
-0049 


05 N 
33 W 


x11 


eA e 


0000 
0000 
00200 
0040 
0190 
C650 
1456 
2430 
2600 
2780 
2880 
2900 
2900 
2906 


- 58 = 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
C004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
OO16 


Cons 
Lat 

Long 
GMT 


Depth 


DEPTH 


C002 
0003 
0004 
0006 
ooOoT 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0033 


055 
OO" 
ri2° 
00. 6 
46 ft 


-06001 
-O0001 
-0002 
-0002 
-0003 
-0010 
—-003%5 
-0038 
-0042 
-6048 
-O949 


056 
69° 
[oe ° 
On. at 
esa a 


1 
-0001 


~O002 
-0002 
-0002 
70003 
-0009 
-0019 
-0029 
-0041 
-0052 
-0055 
-0055 
7005,5. 
-~00.5,3 
-0053 
-0050 


Loc 43 


26 
59 
05 


P2*N 
13 W 


X11 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0004 
0006 
0007 
0008 
0009 
0010 
0011 
0Ol2 
0014 
0016 
0020 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0004 
0006 
0007 
0008 
0009 
0010 
ooll 
0012 
0014 


O87 Loc 40 


69° 25 
132° 58 
O08. 7-08 
2g. it 


Tye aMeP 


-0001 


-0005 
-0010 
-0019 
-0033 
-0037 
-0039 
-0044 
-0049 


05 N 
33 W 


X11 


SAL 


0000 
0000 


Ooo00 . 


0030 
0400 
1400 
2420 
2700 
2760 
2800 
2906 


058 Loc 43 


iat 
132. o Oe 
04.72, 05 
46 ft 


TOE MaP 


-0005 
-0004 
-0003 
-0004 
-0008 
-0020 
-0030 
-0034 
-0047 


2 
13W 


Soe L 


Cons 


Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0004 
0006 
0007 
0008 
0009 
0010 
OO11 
0012 
0014 
0016 
0018 
0020 
0025 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
0006 
0007 
0008 
0009 
0010 
0ol11 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0034 


059 Loc 46 


69a 26 
Psoyr Oz 
04.8 05 
Dost 


TyE SMP 


-0001 
-0002 
-0002 
-0003 
-0006 
-0015 
-0025 
-0037 
-0044 
-0053 
-0056 
-0056 
-0056 
-0055 


060 

69° «24 
Loe 08 
17.4 05 
34 ft 


ba 2 Be 


-0003 
-0008 
-0009 
-0011 
-0012 
-0012 
-0009 
-0004% 
-0004 
-0010 
-0026 
-0037 
-0037 
-0040 
-0038 
-0020 


46 N 
03 W 


x11 


SAL 


0000 
0000 
0000 
0000 
0270 
0940 
2240 
2600 
2660 
2760 
2800 
2800 
2800 
2800 


HOC 425 
10 N 
46 W 


*x11 


0080 
0050 
0100 
0240 
0320 
0430 
0920 
2420 
2610 
2730 
2770 
2800 
2820 
2880 
2900 
2180 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
0006 
0007 
0008 
0009 
0010 
ooll 
0012 
0016 
0020 
0025 
0030 
0035 
0040 
0045 
0050 
0053 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0004 
0006 
C007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0029 


061 

ON a uns 
LL S2e% 459 
St 0.5 
Seat 


Te aM LP 


-0006 


-0008 


-0006 
-C008 
-0005 
-0003 
-0018 
-0048 
-0049 
-0042 
-0036 
-0036 
-0035 
-0032 
-0016 


062 
Ce elas) 
camels Ye! 
1Bab5 05 
69 ft 


TEMP 


0006 
-0004 
-0004 
-0008 
-0009 
-0010 
=-O0023 
-0020 
-0021 
-0042 
-0053 
-0057 
-0059 
-0058 
=0053 


0080 
0O07C 
0080 
0220 
0260 
0520 
0980 
2410 
2590 
2760 
2820 
2870 
2900 
2900 
2900 
2900 
2900 
2260 


Loe 42 
58 N 
45 W 


X11 


86 Ou= 


Cons 
Lat 
Long 
GMT 
Depth 


BDEPAH 


0002 
0003 
000% 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0035 


Cons 
Lat 
Long 
GIMET 
Depth 


DEPTH 


0003 
0004 
0006 
0007 
0008 
0009 
0010 
OO1llL 
0012 
0014 
0015 


063 
dee ned 
Live goo 
Bake 
5 Wit 


TRE FP 


0005 
-0002 
-0004 
-0004 
-0004 
-0008 
-0010 
-Copr 
-0020 
-0017 
-0020 
-0042 
-0054 
-0055 
-6054 
=0:05 2 
O09 3 
605.3 


064 
Ss Fae 
1 Giatein'59 
20. 65) 90:5 
Laat 


T eee LP 


-0002 
=GQO.O5 
-6005 
-0007 
-0007 
-0010 
-0014 
-0024 
~OO3.7 
-0048 
-9047 


Loc 41 
58 N 
47 W 


X11 


> Pa aL 


0020 
0016 
0010 
CO10 
0010 
0200 
0280 
0490 
1450 
2450 
2580 
2720 
2750 
2770 
2800 
2860 
2890 
te 


Loc 47 
5 3. N 
36 W 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0015 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 


065 Loc 39 
69° 24 59N 
1328) 58 51W 
20 aa 05 X11 
40 ft 
bie UM R SUA. 
-0001 0000 
-0002 0001 
-0002 0002 . 
-0004 0120 
-0005 0240 
-0007 0260 
-0014 1430 
-0032 2510 
-0035 2650 
-0043 2740 
-0044 2800 
066 Logc22 
69° 25 58N 
Is2nn.s 45 W 
286905 X11 
69 ft 
TEMP SAL 
-0003 0020 
-0004 0020 
-0006 004C 
-0007 0170 
-0010 0240 
-0012 0520 
-0012 0560 
-0016 2530 
-0023 2650 
-0035 2730 
-0052 2770 
-0056 2800 
-0055 2830 
-0058 2870 


a ee 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 


067 Loc 44 
697.25 58 N 
132%. 59 47 W 
DA, @ 5 pal 
35 tt 
Toe MP CS eA ok 
-0005 0000 
-0004 0000 
-0005 0030 
-0008 0160 
-0010 0290 
-0011 0620 
-0014 1920 
-O017 2570 
-0021 2650 
-0036 2720 
-0049 2780 
-0056 2800 
-0053 2830 
-0051 2880 
068 Loc*25 
69° 24 10 N 
£32.25 90 46 W 
B2.0440 5 X11 
34 ft 
T.6.-M7P Ora 
-0002 0070 
-0006 0070 
-0007 0110 
-~0009 0260 
-O0O11 0330 
-0009 0700 
-0004 1710 
-0001 2540 
-0005 2690 
-O0Ol11 2750 
0000 2780 
-0033 2820 
-0045 2840 
-0037 2890 


a Oy = 


Cons 069 Loor2e6 Cons 071 Pics ( 
Lat 69° "24 18 N Lat po M24 58 N 
Vong *132°" 59 BG w Long 132° 58 04W 
GMT "225 8"05 "hen GMT 18.8 07 — xii 
Depth 53 ft Depth 15 ft 
DEPTH TEMP SA DEPTH TEMP SAL 
0003 -0003 0060 0002 0348 
0004 -0005 00606 0006 0239/KB 
0006 -0007 0100 0012 1285 
0007 -90008 0240 
0008 -~0014 0330 Cons O #Z LoeeiBy 
0009 -0010 0820 Lat Core 24 aren 
0010 -0005 2050 Rong. Tae o8 Tey 
OOLr  -0002 2570 Git) 22eee07 Mean 
0012 -0005 2690 Depth 15 ft 
0014 -0013 27506 
0016 -0025 2780 i 
0018 -0044 2820 Ea dag! © Sept 
we ae Aa G002 -0005 620 
0004 -0006 0030 
0005 -O007 0130 
mei ht dihie fi i 0006 -0008 0160 
‘ 0007 -0008 0190 
Long 9132558 ,.02W 0008 -0008 0230 
GMT LG.b2.20 7 X1i 000) -0009 0270 
Depth 13 ft 0010 -0018 1620 
0011 -0011 2550 
DEPTH “T FE’sM OP Sen 0012 £-0017 2650 
0014 -0025 2760 
0002 0220 
0003 0230 Gons O73 Lod “36 
0004 0230 Lat 69° 2& 59 N 
0005 0230 3 Bete, PBte, 
0006 0230 oC e a 
0007 0300 GMT 22360007 X11 
0008 0290 Depth ~ 16g 
0009 0366 DEPTH TEMP SAL 
0010 1470 
0011 2580 0002 -0008 0020 
0012 26306 0003 -0006 0036 
0004  -0006 0040 
0005 -0008 0060 
0006 -C008 0160 
0007 -0008 0200 
0008 -0012 0270 
0009 -0010 0520 
COlO 8 ©-0018 1650 
C011 -0009 2590 
0012 -0016 2650 
0014 -0028 2760 
0015 -O0011 1090 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


074 
69% 
132% 
Boal 
18 ft 


24 
58 
07 


THE aM yP 


-0006 
-0007 
-0006 
-0007 
-0008 
-0008 
-0008 
-0009 
-0018 
-0008 
-0017 
-0038 
-0048 
-0049 


O75 
69% 
1325 
23.40 
64 ft 


24 
58 
07 


Pee P 


0020 
0030 


0020 . 


0030 
0170 
0190 
0270 
0500 
1890 
2580 
2670 
2780 
2800 
2810 


Loc 29 
53 N 
35 W 


X11 


3 = 


KB 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0003 
0004 
0006 
0007 
0008 
0009 
0010 
0011 
0012 


Cons 
Lat 
Long 
GMT 
Depth 
DEPTH 


0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0035 
0040 
0045 
0050 
0055 
0060 
0065 
0070 


076 Boc.0 33 
69° 24 58 N 
LS2R8 OS 05 W 
00.5 08 X1i 
Qowt 
TE SMTP WSHAGL 
— 0008 0340 
— 0008 0260 
— 0008 0220 
— 0008 0260 
— 0008 0250 
— 0008 0260 
— 0011 1050 
—O0017 2300 
— 0009 2640 
— 0018 2680 
On 7 Loc 28 
69° 24 43, N 
1324") 58 37 W 
OG.26) "08 x1i 
Sor i1y 
TE. Ma P sora 
-0006 0040 
-0006 0040 
-0007 0050 
-0007 0040 
-0009 0080 
-0011 0370 
-0009 0730 
-0005 2250 
-0004 2610 
-0005 2720 
-0011 2770 
-0028 2820 
-0038 2810 
-0050 2860 
-0063 2880 
-0058 2900 
-0067 2900 
-0044 2900 
-0065 2900 
-0067 2900 
-0067 2920 
-0067 2910 
-0065 2920 
-0063 2900 
-0059 2920 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0005 
0006 
0007 
0008 
0009 
0010 
coll 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0035 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0005 
0006 
0007 
0008 
0009 
C010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0030 
0035 
0040 


078 
bo 
132° 
L758 
35 eit 


TRAE OM 


-0007 
-0008 
-0009 
-0010 
-OO11 
-0009 
-0004 
-0003 
-0006 
-0016 
-O0011 
-0035 
-0031 
-0038 
-0023 
-0021 


079 

69° 
13a 
Lope 
O5 5Eb 


ksole "24 


ao 
59 


08 


P 


45 N 
> We 


> SIE 


> AML 


0070 
0080 
0100 
0260 
0360 
0660 
2360 
2630 
2740 
2790 
2810 
2840 
2870 
2900 
2900 
2400 


Loc Ze 


24 
58 
08 


43 N 
37 W 


x11 


G4 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0003 
0005 
0006 
0007 
0008 


0009 


0010 
0011 
0012 
0014 
0016 
0018 
0020 
0025 
0028 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


C003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 


080 Loc 42 
69° 58 N 
232° 45 W 
EGAS X1i 
69 ft 
TE 7A "P "SS FANL 
-0005 0020 
-0005 0020 
-0005 0050 
-0006 0080 
-O0007 0176 
-0007 0440 
-0014 1290 
-0020 2500 
-0028 2680 
-0043 2760 
-0053 2790 
-0053 2830 
-0053 2870 
-0058 2890 
-0049 2900 
081 Loc 49 
69° 10 N 
ls ho 20 W 
JS il awl 
L4 ft 
Tle oP SSA 
-0002 0000 
-0003 0000 
-0004 0010 
-0004 0010 
-0004 0000 
-0004 0000 
-0003 0000 
0002 0005 
0010 2460 
-0065 2820 
-0028 2880 
-0020 2906 


- 65 - 


NRC Programme 
Phase III 
Serial data 


Consecutive numbers l to 29 


CRN 449 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
6018 
0024 
0030 
0948 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


001 TOGe ot 
69° 24 58 N 
Lee" Sis 04 W 
20. Wie X11 
15 ht 


Tee P SAE 


2478 
0229 
0223 


O02 

oor 24 
ibis halbdter 
Zig. La 
64 ft 


lo e550 
57 N 
27W 


X11 


Te ee. SAS 


2965 
2934 
2890 
2790 
2370 
0098 
003 LG¢ 21 
69° 24 58 N 
Lot ioe 04 W 
2 Ora 24 X11 
L Spatt 


Tb MP SasBieck 


0081 
0088 
004 Liege 50 
69° 24 570N 
VSo27 2 58 ow 
Zoro? 24 aL 
64 ft 


Tnjkedt Pe Say 


= G8) = 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0012 


005 Lo¢e5s0 

69° 24 57 IN 
132" {Ss hd a ie 
21.5 On 03 

64 ft 


reEmP SAL 


0079 
0247 
2716 
2834 
3011 
006 Loe,.51 
O9rm 24 58N 
b32e 4 58 O04 W 
A292 01 1 
TL 541t 


TEM P SPAY L 


0220 
0170 
0239 
007 Loe 50 
(sh° Iamnay A | BLN 
S27 eee 27 W 
Zon £O 1 
64 ft 


0084 
0105 
2543 
2733 
2858 
2964 
008 Loe 5% 
69° 24 58 N 
LC wienpl SF! 04 W 
OO) 211 1 
LS tt 


Le. RP Saceaee 


0194 
0162 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 
DEPTH 
0002 


0006 
0012 


009 Loc 50 


69° 24 Ot XIN 
rae" Sbs 27W 
£0.03 i 

64 ft 


Tse MP SA IL 


0086 
0092 
2479 
2704 
284) 
2967 


O10 °° «©». ‘Yloc &1 


69° 24 58 N 
Fee” Nos 04W 
20.18 SS 1 
PD dit 


Te AP. 8S PAL 


0173 

0164 

0169 
011 Loc 050 
69° 24 57 N 
Loe” Oo 27W 


Zino mele 1 
64 ft 


0092 
0107 
2799 
2921 
2629 
3032 
012 Loc’ 51 
69° 24 58 N 
132° woo 04 W 
2 aun) ek i 
bo it 


7 CEM OP. SAL 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 
DEPTH 
0002 


0006 
0012 


013 


69° 24 
132° “258 
Cenc pO 


64 ft 


7 & MP 


014 
69° 24 
PSZ? 158 
23, 0. -O-7 
W5* ft 


TE AF 


O15 
69° 24 
(Gy Fa oy 
Fok WAAL loa 
64 ft 


Tic? Be 


Loc 50 
bi? IN 
27W 


li 


ae ae a 


0072 
0173 
2489 
2678 
2849 
2960 


Loe 51 
58N 
04 W 


il 


STA? LE 


0117 
0121 
Ol27 


Loc 50 
oy als) 
27W 


£1 


0136 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 
Cons 
gat 
Long 
GMT 
Depth 
DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Oy Lee.50 
69° 24 57 5N 
laze 5s 27W 
20702 24 i 
64 ft 
T ewer. Se Ae 
0075 
0088 
2502 
2702 
2856 
2666 
018 Loc#sih 
G9 “ee Z4 58 N 
kaye n 38 04 W 
21. Sa a4 il 
Lert 
TEMP SAL 
0129 
0126 
0123 
019 Loc 51 
69° 24 58 N 
132%. 58 04 W 
20°38 Ow ili 
15S 4t 
T & MP SS Axe 
0094 
0089 
0099 
020 Loc 50 
69" 24 57 N 
132, . 53 27 W 
00.5 08 iii 
64 ft 
TE MP SA EL 
0067 
0084 
2234 
2t23 
2877 


2958 


- 68 - 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 
0002 


0006 
0012 


021°. >,Lo¢ 50 
69% 24% 5a N 
132% 58° Tag 
240-58 1 aid 
64 ft 
TEMP SAL 
0084 
0083 
2158 
2642 
2810 
2970 
022 Loc 51 
60% 24 SBN 
132° 58 04W 
O0L0e ba. dia 
15 ft 
Toe BeP SUG 
0096 
0093 
0089 
023 Loc 50 
69° 24 57N 
Soe Sen. Pew 
2188250. fit 
64 ft 
TEMP SAL 
0067 
0071 
0205 
0265 
2782 
2931 
O24) “Lees 
69° 244 son 
Laer Sos 2 
29a F2e* os 
15 ft 
TEMP SAL 
0065 
0075 
0067 


Cons 025 Loc 50 
Lat 69° 24 57N 
Hong? 32" 953 27 W 
CSE Ode One iv 
Depth 64 ft 
DEPTH TEMP SAL 
0006 0091 
0012 0078 
0018 0546 . 
0024 2588 
0030 2819 
0048 2919 
Cons. 026 Loc 50 
Lat 69° 24 57N 
Long) 1327558 27.W 
GMT (2.1, 52109 iv 
Depth 64 ft 
DEPTH TEMP SAL 
0006 OOoTT 
0012 0072 
0018 0414 
0024 0129 
0030 2741 
0048 2931 
CGons 
Lat 
Long 
GMT 
Depth 
DEPTH 
0002 
0006 
C012 


=EGON— 


029 
69° 
owas 
Wino 
Poeit 


58 
Ol 


TEMP 


24 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0002 
0006 
0012 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0012 
0018 
0024 
0030 
0048 


lWreyes dow: 
58N 
04 W 


O27 Loc 5l 

69° 24 58 N 

132° 958 04 W 

Caron iv 

1S ft 

TEMP SAL 
0074 
0068 
0068 

028 Loc 50 

697 524 57 N 

P32 goo 27W 

Li 0s Vv 

64 ft 

TEMP SAL 
0085 
0080 
0342 
2623 
2834 
2956 


} ny 0 i 


if Ye 


eae An gat Ag : oe “ mt se #R Se00 
s /pO2 cet SO Game | OOo | “ERG 
f pou ; - bagi “ie! (im tai: | 7h 


a Se 


NRC Programme 
Phase IV 
Serial data 
Consecutive numbers 1 to 9 


(Time-series study Locations 52 to 58) 


CRN 13 - 63-004 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0045 


001 

B97 Te26 
bo2. euoy 
16.8) 02 
45 ft 


Sipe so chet 


-0005 
-0003 
-0003 
-0002 
-0002 
-0002 
-0002 
-0002 
-0001 

0000 

0001 

0002 

0001 
-0001 
-0004 
-0008 
-0020 
-0030 
-0033 
-0034 


\Wiovoobops 
SA 
13 W 


Vv 


0000 
00c0 
0000 
0000 
0020 
0020 
0050 
0040 
0060 
1920 
2140 
2420 
2500 
2600 
2650 
2750 
2880 
2900 
2900 
2900 


yp ne 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
00190 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
C022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
6045 


002 

69° 26 
ihe PA ose) 
Ue,ce. OZ 
45 ft 


ae er 


-0003 
-0003 
=—O003 
=-000/3 
-0003 
-0003 
-0003 
-0002 
-Oo0l 

0001 

0002 

0001 

0000 
-0003 
-0006 
-0013 
“0021 
-0030 
-0034 
-0034 


Bee'ss 
eS 
rou 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0045 


003 

69” whic 
Lee” 2 Se 
19.°3_,02 
45 ft 


T4E (AP 


0009 
-0002 
-0002 
-0002 
-0003 
-0002 
-0002 
-0002 
—-0001 

0000 

0001 

0002 

0000 
-0002 
-0006 
-0013 
-0021 
-0029 
-0033 
-0034 


ben 55 
be aN 
13 W 


NA 


Oy ae 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 


0017 


0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0045 


004 
BO: 6420 
Lae” «39 
20,8 02 
45 ft 


T © '4 P 


-0003 
-0003 
-0003 
-0003 
-0003 
-0003 
-0003 
-0002 
-0001 

0001 

0002 

0001 
-0001 
-0003 
-0006 
-0014 
-0018 
-0026 
-0033 
-0034 


\ etek ours ke, 
12 oN 
Louw: 


Vv 


Cons 
Cat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0010 
0012 
001% 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0045 


005 
BO) 2G 
Po2r 0 
Cie ve. ene 
45 ft 


he Be 


-0003 
-0003 
-0004 
-0002 
-0003 
-0002 
-0002 
-0002 
-0001 
-0001 

0001 

0002 

0001 
-0001 
-~0003 
-0006 
-0013 
-0021 
-0029 
-0033 
-0034 


Loc 5s 
re N 
13 W 


mel gs 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
C019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
C035 
0040 
0045 


006 

69° 20 
132% | 59 
OO 2. 0S 
45 ft 


TE MP 


0000 
-0003 
-0003 
-0003 
-0003 
-0002 
-0002 
-0002 

0000 

0001 

0002 

0001 
-0001 
-0004 
-0006 
-0013 
=—b022 
-0028 
~O00372 
-0034 


Loc 55 
tc N 
13 W 


Vv 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0045 


007 hee 55 
Og? « 26 L270 
[327 «59 13 W 
Ola OS Vv 
45 ft 
TEMP SAL 
-~0002 0000 
-0002 0000 
-0003 0000 
-0002 0000 
-0002 0010 
-0002 0000 
-0002: 0000 
-0002 0050 
0000 1420 
0002 2230 
0002 2330 
0001 2440 
0000 2590 
-0004 2650 
-0006 2700 
-0012 2800 
-0020 2870 
-0029 2900 
—-0032 2900 
-0034 290C 


-~ 75 - 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0045 


008 Lee 55 
69° 26 Per 
132°. 55 13 W- 
OZ OS Vv 
45 ft 
Te wr Sy ALE 
-0003 0000 
-0003 0000 
-0003 0000 
-0002 0020 
-0002 0020 
-0002 0040 
-0002 0040 
-0002 0040 
0000 0570 
0001 2130 
0001 2306 
0002 2530 
0000 2600 
-0002 2630 
-0005 2720 
-0011 2810 
-0020 2860 
-0028 2900 
-0033 2900 
-0034 2900 


=) YOu 


Cons 009 L0ch55 
Lat 69" 26 12 N 
Long 1527 359 13 W 
GMT 04.8 03 Vv 
Depth 45 ft 


DERI HA! & MEP WS rare. 


0006 -0003 0000 
0008 -0003 0000 
0010 .-0002 0060 
0012 -0002 0020 
0014 -0002 0030 
0016 -0002 0040 
0017 -0002 0040 
0018 -0002 0040 
0019 -0001 0060 
0020 0001 2060 
0021 0002 2270 
0022 0002 2460 
0023 0000 2580 
0024 -0002 2650 


0025 -0005 2700 
0027 -0011 2750 


0030 -0020 2830 
0035 -0030 2900 
0040 -0033 2900 


0045 -0034 2900 


-77 - 


Cons 001 Locre52 Cons. | 003 Bae, 
Lat eS ie ee 45 N gat 695 2a.5 45 N 
Lome Sar god 23W ong): 132°) 59 23 W 
GMT LO uC ala Vv GMT L938: OZ Vv 
Depth 29 ft Depth 29 ft 
DEPTH . TF E MP. SAL DEPTH 40 4e MP» S Agu: 
0006 -0009 0092 0006 0051 0080 
0008 -0010 0092 0008 -0006 0084 
0010 -0010 0092 0010 -0006 0088 
0012 -0010 0104 ‘0012 -0006 0088 
0014 -0010 0104 0014 -0006 0100 
0016 -0011 0112 C016 -0006 0108 
0017 -O0011 0112 0017 -0006 0120 
0018 . -0012 0128 0018 -0006 0124 
0019 -0019 1112 0019 -0004 0432 
0020 -—O2 Ss 2456 0020 0001 2348 
0021 -0O114 2540 | 0021 0004 2568 
0022 —-0067 2672 0022 0005 2624 
0023 -0005 2776 0023 0003 2704 
0024 0000 2844 0024 0002 2?tTt2 
0025 -0001 2904 0025 0001 2884 
0027 -0004 2968 0027 -0001 2904 
0029 -0005 2960 0029 -~0005 2960 
Cons... 002 liane 2 Cons 004 Loers2 
Lat 69% 23 45. N iat 692), 1238 45 .N 
Lone 132 69 23 W Dong cabo2.) yoo 23 W. 
GMT LS. OZ Vv GNGT “alae: eOZ, Vv 
Depth 29 ft Depth: «29 it 
DEPTH: To Ee Mo Py SA AGE 
Vert “(Scum Fo ain oo 
0006 -0006 0084 
0006 -0005 0056 0008 -0008 0112 
0008 -0007 0080 0010 -0009 0120 
0010 -0007 0092 0012 -0010 0128 
0012 -Q007 0092 0014 —-O0010 0128 
0014 -0007 0096 0016 -0010 0128 
0016 —-0007 0104 0017 -0011 0132 
0018 -0006 0120 0019 -0031 0700 
0019 -0006 0192 0020 -~0072 2508 
0020 0002 2356 0021 -~0053 2584 
0021 0004 2520 0022 -~0033 2676 
0022 0004 2592 0023 -0004 2764 
0023 0003 2692 0024 0001 2840 
0024 0001 2776 0025 0000 2844 
0025 -0001 2868 0027 -0003 2924 
0027 -0003 2924 0029 -0006 2980 
0029 -0006 2976 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0029 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
GO10 
C012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0029 


005 
i 
gas 
2e.8 
2Ontt 


ee 
oN, 
02 


1 Shor 


COOL? 
-0004 
-0006 
-0006 
-0006 
-~0006 
-0007 
-0006 
-0002 

0002 

0005 

0004 

0002 

0001 
-0001 
-0003 
-0007 


006 
Sie 
ets 
O02 
PAS HGS: 


23 
eo 
03 


lero ops 
45 N 
23W 


Vv 


TREX MIP! STA 


-0006 
-0001 
-0005 
-0006 
-0007 
-0007 
-0006 
-0006 
0000 
0004 
0005 
0002 
0001 
0000 
-0001 
-0005 
-0007 


Bey Aye 


Cons 


Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0029 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0OlT 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0029 


007 
Bo 
ce 
OS 
a esi 


aps 
59 
03 


Te hor 


0032 
-0004 
-0005 
-0006 
-0007 
-~0007 
-0006 
-0006 

0001 

0004 

0005 

0004 

0001 

0000 
-0002 
-0004% 
-0007 


008 

OF 820 
Poa eo 
Oi Se ans 
yas ees 


Lode 52 
A5, N 
BOW 


Vv 


SAL 


0092 
0112 
0116 
0116 
0124 
0132 
0140 
0148 
2400 
2532 
2624 
2124 
2804 
2864 
2932 
2976 
2988 


LOG =e 
45 N 
Low 


Vv 


- 79 - 


OGoas 009 Le@e-52 
Lat oes 45 N 
Loma 132" 59 23W 
GMT 04.8 03 Vv 
Depth “29 ft 


DEPTH TE M P ;S@AEL 


0006 -0002 0132 
0008 -0007 0132 
0010 -0008 0136 
0012 ~-0008 0144 
0014  -0009 0152 
0016 -0007 0160 
0017 -0007 0168 
0018 -0006 0176 
0019 -0002 1620 
0020 0002 2580 
0021 0003 2652 
0022 0002 2808 


0023 0002 2844 
0024 0000 2940 
0025 ~0001 2968 
0027 -0003 3040 
0029 -0008 3048 


eee 


Conse 001 Loe 54 Cons 003 noc 54 
iwehe Oore (25 05 N Tat bUFS \25 O05 N 
Long .»132% 58 Whbies W Wong )21329 58273 W 
GMEs h6nh “02. ty GMPU RING O2y Vv 
Depth; ;24 it Depth 24 ft 
DEPTH TEMP SAL DEPT CTMEPM B ASLA L 
0006 -0005 0000 0006 0000 0000 
0008 -0004 0000 0008 0001 0000 
0010 -0005 0000 . 0010 -0004 0000 
0012 -0004 0020 0012 -0004 0000 
0014 -0004 0000 0014  -0004 0002 
0016 -0004 0000 0016 -0004 0002 
0017 -0004 0000 0017 -0003 0005 
0018  -0003 0000 0018 -0002 0005 
0019 -0002 0080 0019 -0001 0380 
0020 -0001 1950 0020 0000 2210 
0021 0001 2340 0021 0001 2380 
0022 0001 2440 0022 0000 2510 
0023 0000 2530 0023 -0002 2610 
0024 -0002 2600 0024 -0004 2670 
Cons 004 Loc 54 
Cons Vv0g2 Loc 54 rat 69° «626 O05 N 
Lat 60° 25 105 oral’ nmi bec gang SES terms 
Long, 42°. Sa oaiw CM LO OP Mager 
GMT elo 02. Depth 24 ft 
Depth 24 ft 
DEPTH TEMP SAL 
DEPTH, T&M Pe SAL 0006 -0004 0000 
0008 -0004 0000 
0006 -0003 0000 0010 -0005 0000 
0008 -0003 0000 0012 -0004 0020 
0010 -0004 0000 0014 -0004 0030 
0012 -0004 0000 0016 -0002 0060 
0014 -0004 0060 0017 -0002 0050 
0016 -0003 0002 0018  -0002 0050 
0017 -0003 0003 0019 -0001 0190 
0018 -0001 0003 0020 0000 0220 
0019 -0002 0270 0021 0001 0240 
0020 0001 2220 0022 0000 2460 
0021 0003 2360 C023 -0002 2600 
0022 0001 2480 0024  -0004 2670 
0023 -0002 2620 


0024 -0004 2670 


are 


Cons 005 Loc 54 Cons 007 Loc 54 
Lat 69° 25 O5N Lat 69° 25 O5N 
Wenge 132° $8 ° 33 W Wong 132° 58. 33Ww 
Gur 22008 *% GMT 01.0 03 vy 
Depth 24 ft Depth 24 ft 
DEPTH TEMP SAL DEPTH TEMP SAL 
0006 -0005 0000 0006  -0003 0000 
0008 -0005 0000 0008 -0003 0000 
0010 -0005 0000 0010  -0003 0000 
0012 -0004 0000 0012  -0003 0000 
0014  -0003 0000 0014 -0004 0010 
0016 -0002 0005 0016  -0004 0030 
0017 -0002 0004 0017 -0002 0040 
0018  -0002 0004 0018 -0002 0030 
0019  -0002 0004 0019 -0001 1550 
0020 0000 2230 0020 0001 2320 
0021 0001 2360. 0021 0001 2380 
0022 0000 2520 0022 0000 2520 
0023 -0002 2590 0023 -0003 2590 
0024  -0005 2680 0024  -0005 2700 
Cons 008 Loc 54 
Cons 006 Loc 54 Lat Bion ges O5.N 
Lat 69° 25 O5.N Long’ sal Oe 33 W 
Long 132° 58 33W GMT 02.5 03° v 
GMT 23.5: 02 Vv Depth 24 ft 
Depth 24 ft 
DEPTH TEMP SAL DEPTH phan) iat 
44 0006 -0004 0000 
0008-0004 0000 0008-0003 0000 
0010 -0004 0000 0010 -0003 0000 
0012 -0004 0020 0012 -0003 0000 
0014  -0004 0020 0014 -0003 0030 
0018  -0003 0030 0018  -0005 0050 
0020 0000 2310 0020.90, 0001) sieere 
0021 0001 2400 0021 CODL 4at8 


0023 
00 -000 2640 
oe Shai 2650 0024  -0004 2650 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0027 
0030 
0035 
0040 
0042 


69° 24 
1BZe" Ss 
1681 702 


= Soe 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 


0014 


0016 
0017 
0018 
0019 
0020 
0021 
0022 


0023 


0024 
0025 
0027 
0030 
0035 
0040 
0042 


002 
69° 24 
LSa4 3 
LOO 
43 ft 


TYESMHP 


-0009 
-0009 
-0009 
-0009 
-0008 
-0007 
-0006 
-0006 
-0005 
-0004% 
-0004 
-0004 
-0007 
-0010 
-0013 
-0019 
-0026 
-0034 
-0037 
-0038 


Loc 53 
59 N. 
517 We, 


By, © 


Cons, 0035 Log S3 Cons 004 ioc: Ss 
Lat 69° 24 59 N Lat 69° 24 59°N 
Long ig2° s58 51W Long 182° “56 51W 
GMT 19.0. 202 Vv GM®. ‘2085 102 Vv 
Depth 43 ft Depth 43 ft 
DEPTH « TE gd ey S eAra: DEPTH. TE HPT STH 
0006 0005 0084 0006 -0002 0080 
0008 -0008 0092 0008 -0007 0092 
0010 -0009 0096. 0010 -0009 0092 
0012 -0009 0096 0012 -0008 0092 
0014  -0008 0100 0014 -0007 0120 
0016 -0007 0104 0016 -0007 0120 
OOLT -0005 0104 OO1T -0007 0120 
0018 -0005 0112 0018 —-0006 0124 
0019 -0008 0200 0019 -0005 0712 
0020 -0008 2376 0020 -0005 2456 
0021 -0003 2528 0021 -0005 2560 
0022 -0004 2640 0022 -0004 2644 
0023 -0006 2732 0023 -0009 2736 
0024 -0008 2752 0024 -~0006 2816 
0025 -0010 2868 0025 =O Tal 28 hZ 
0027 -0019 2960 0027 -0019 2936 
0030 -0027 2988 0030 -0024 2980 
0035 -0034 3020 0035 -0033 3020 
0040 -0037 3024 0040 -0037 3048 


0042 -0038 3020 0043 -0037 3048 


- 85 - 


Cons ’005 Loe'53 Gons (006 Loc 53 
Lat 69° 24 59 N Lat 69° 24 59 N 
one Brad ss 51W gong, 132° 58 51 W 
GME 22.0 "Uz Vv CaVENY aos e Vv 
Depth 43 ft Depth 43 ft 

DEPTH Tf FE MP pes ALL DEPTH TEMP SAL 
0006 -0006 0116 0006 0019 0088 
0008 -0008 0124 0008 0005 0088 
0010 -0009 0112 0010 -0008 0088 
0012 -0008 0120 0012 -0008 0088 
0014 -0007 0124 0014 -0008 0108 
0016 -0006 0132 0016 -~0006 0116 
0017 -0006 0132 0017 -0006 0124 
0018 -0006 0152 0018 -0006 0160 
0019 -0004 2036 0019 -0004 2244 
0020 -0004 2496 0020 -0003 2516 
0021 -0004 2608 0021 —-0004 2624 
0022 -0004 2664 0022 -0006 2696 
0023 -0006 2788 0023 -0007 2760 
0024 -0010 2848 0024 -0010 2832 
0025 -0012 2936 0025 -0012 2864 
0027 -0019 3008 0027 -0018 2920 
0030 -0025 3004 0030 -0026 2972 
0035 ~0033 3024 0035 -0033 3020 
0040 -0036 3024 0040 -0036 3028 


0042 -0037 3024 0042 -0037 3028 


Belo eee 


Cons 007 Too.c-52 Cons 008 1 CiGaes 


Liat 69° 24 59 N Mead 69° 24 59 N 
Long .iécoe3 51W Long gli32s— 958 51W 
GNGL (pO lad ae Vv GMI 2.45) .0.3 Vv 
Depth 43 ft Depth 43 ft 
DEPTH TEMP SAL DEPTH FT. .E MP SrAst 
O00V6 -0008 0088 0006 -0006 0124 
0008 -O0007 0092 0008 -0008 0124 
0010 -0008 0104 . 0010 -0009 0132 
0012 -0008 0104 0012 -~0009 0132 
0014 -0008 0104 0014 -0009 0132 
0016 -0006 0128 0016 -0008 OLS 2 
0017 -0006 0136 0017 -0008 0156 
0018 -0005 0152 0018 -0005 0184 
0019 -0005 2220 0019 -0005 2088 
0026 -0005 2544 0020 —-0012 2560 
0021 -—-0005 2612 0021 -0008 2656 
0022 -0006 2728 0022 -0006 2, td, 
0023 -0008 2768 0023 -0009 2824 
0024 -0011 2828 0024 -0012 2886 
0025 -0011 2856 0025 eects > 2948 
0027 -0019 2960 0027 -N019 3008 
0030 -0026 2980 0030 -0027 3040 
0035 -0034 3000 6035 —-0034 3068 
0040 -0037 3012 0040 -0036 3080 


0042 -0037 3016 0042 -0037 30806 


cat ee 


Cons 009 Loerms 
Lat 69° 24 59 N 
i o(ahe > amiga hs 7a ok: 51W 
GMT 4.0 03 Vv 
Depth 43 ft 


DEFTH TEMP 3S AL 


0006 -0009 0116 
0008 -0009 0120 
0010 -0009 0120 
0012 -0010 0120 
0014 -0010 0136 
0016 -0010 0144 
0017 -0009 0148 
0018 -0007 0156 
0019 . -0003 2104 
0020 -0006 2572 
0021  =-0005 2604 
0022 -0006 2728 
0023 -0010 2828 
0024 -0012 2892 
0025 -0014 2952 
0027 -0019 2992 
0030 -0026 3040 
0035 -0035 3044 
0040 -0037 3068 
0042 -0038 3068 


othe ts 


Cons 001 Loci? Gons 003 ioe 5./ 
Lat 69° 26 | Sonn Lat 69° 26 SEN 
Long E32") 159 36 W iyone bee 39 36 W 
GMT  BSi5 04 Vv cur tees 104 Vv 
Depth 21 ft Depth 21 ft 
DEPTH. TE 36.ar >  Sae DEPTH TEAP SAL 
0006 -0003 0000 0006 -0001 0000 
0008 -0003 0000 0008 -0001 0000 
0010 -0002 0000 . 0010 -0002 0000 
0012 -0002 0000 0012 -0002 0000 
0014 -0002 0020 0014 -0002 0000 
0016 -0002 0000 0016 -0002 0000 
0017 -0002 0020 0017 -0002 0020 
0018 0000 1420 0018 -0002 0020 
0019 0001 2220 0019 .-0002 0060 
0020 0002 2300 0020 -0002 0340 
0021 0001 2400 

Gons O02 Loge 

Lat 69° 26 53.N Cons 004 Loc. 57 
Luong Laer, 59 36 W Lat oe CU Meet at 
GMT 17.0 04 Vv Loemepi.le2rn 59 36 W 
Depth’ Zit GMEV©..205,07, 04 Vv 

Depth 2.1) st 


DEPTH T.EwM P “Sigfeek 
DEP LH A,T Ea or, “SACL 


0006 -0002 0000 
6008 -0002 0000 0006 -0001 0000 
0019 -0002 0000 0008 -0001 0000 
OO12 -0002 0000 0010 -0002 0000 
0014 -0002. 0010 0012 -0002 0000 
0516  -0002 0010 0014 -0002 . 0000 
GO17 -0002 0020 0016 -0002 0010 
0018 -0002 0040 OOLY,  -0002 0030 
0019 -0002 0180 DOERR) =OO02 0070 
0020 0000 1830 VOLz =O002 0220 
0021 0001 2280 C020 0000 2120 


0021 0001 2380 


005 
69° 
bez> 
25.5 
Zit 


Tree Ma P 


-0001 

0000 
-0002 
-0002 
-0002 
-0001 


-0002. 


-0002 
0000 
0001 
0000 


006 
po 
2 
23.0 
21Aae 


be may bed 


-0002 
-0002 
-0002 
-0002 
-0002 
-0002 
-0002 
-0002 


Loc 57 
53 N 
36 W 


Vv 


SAL 


0000 
0000 
0000 
0000 
0000 
0030 
0100 
0250 


2140 | 


2460 
2660 


Loe 1 
53 N 
36 W 


Vv 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 
0020 
0021 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 
0019 


0020 


0021 


Loe 57 


007 
69° 582 
is23 36 W° 
00.5 Vv 
2a att 
TRE MePe Se Ast 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0001 0130 
0000 2200 
0000 2420 
0001 2500 
008 Loc 57 
69° 5ooN 
ie as 36 W 
02.0 Vv 
Zictt 
Tie 6? SCALE 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0002 0000 
-0001 0000 
-0001 0820 
0000 1840 
0002 2040 


- 90 - 


Cons. 009 Locrsi 
Lat 69° 26 53 N 
hone P32 (59 36 W 
GM 03,5" 05 Vv 
Depth 21 ft 


OEPTH. TE MB PORES TAL 


0006 -0002 0000 
0008 -0002 0000 
0010 -0002 0000 
0012 -0002 0000 
0014 -0002 0000 


6016.4, ~0002 0000 
0017... -0002 0000 
0018  -0002 0000 
0019 0000 1340 
6020 0000 1800 


0021 0001 1980 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0009 
0010 
Ooll 
ool12 
0013 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0009 
9010 
VOL) 
06012 
0013 


001 Hoc’ ss 


©9° *8"26 

132559 
15.5 04 
LSE 


re Ere Pe 


-0007 
-0007 
-O0007 
-0007 
-0007 
-0006 
-0006 
-0006 


54 N 
30 W 


WA 


SAL 


0164 
0168 
0168 
0176 
0176 
0184 
0184 
0188 


002 Loc, 58 


Ooo 20 54 N 
132° eo 30 W 
17.0 04 Vv 
bo at 
DE Rte SS, AOL 
-0007 0112 
-0007 0112 
-0007 0112 
-0007 0132 
-0007 0132 
-0007 0132 
-0007 0132 
-0007 0132 
003 Loc 58 

09 ai 2b 54N 
132° 59 30 W 
18.3 04 Vv 
Loe ht 
TEMP SAL 
-—0006 0088 
-0006 0088 
-0006 0088 
-0006 0100 
-0006 0104 
-0006 0108 
-U007 Gide 
-0006 0108 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0009 
DOLD 
CO11 
BO De 
0013 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 


004 
69° 26 
POL i ad 
20.0 04 
reat 


TcoM P 


-0006 
-0006 
-0006 
-0006 
-0006 
-0007 
-0O007 
-C007 


005 
09, Uee 
boiz 59 
Ze 54 04 
ES ae a 


TEMP 


= 2005 
-J006 
-0006 
-0006 
0006 
-Co007 
-COO7 
~~ GOO 6 


006 
69° 26 
P32 a0 
23.0 04 
L3 eft 


TER P 


Loc 58 
54N 
30 W 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 
0007 
0008 
06009 
0010 
0011 
0012 
0013 


007 
ae 
V2) 
O0S 
LS £G 


26 
Do 
05 


L& ee 


-0006 
-0006 
-0006 
-0006 
-0006 
-0006 
-0006 
-0006 


Loc 58 
54N 
30 W 


~ 92 - 


009 

26 
59 
05 


P32" 
03.05 
Lett 


-C007 
-0007 
-6006 
~GH007 
-0007 
-0007 
-0007 
-O907 


008 
69° 
ie2° 
02:0 
Wo she 


26 
59 
05 


TE MP 


-0006 
-0007 
-0007 
-0007 
-0007 
-OvU07 
-0007 
-0007 


Loc 58 
54N 
30 W 


Vv 


Cons 
Lat 
Long 
GMT. 
Depth 


DEPTH 


0006 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 


Cons 
Lat 
Long 
GMT 
Depth 


DEPTH 


0006 


001 Loc 56 
69 26 46 N 
153° 702 03 W 
16.0 04 Vv 

10 ft 


TEM Ras AYE 


-~0005 0116 

002 Loc 56 
69” 26 46 N 
133, 02 03 W 
17. 3 (04 Vv 

tO ft 


De eR OS As 


-0005 0068 
003 Loc 56 

69° 26 46 N 
133° 02) oa Ww 
18.8 04 Vv 
POSE 


TEM Pree ASL 


-0005 0112 

004 Loc 56 
O69 1-26 46 N 

See tall Os 03 W 


200.5 DA Vv 
10 ft 


BS ON? tan oe 


-0005 


= She 


009 
69° 
535 
04, 0 
LOM 


26 
02 
05 
TE AP 


-0005 


SAL 


0080 


005 Loc 56 
69° 26 46 N 
ie ee sa OY 03 W. 
el. 8. 04 Vv 

10 ft 


Ae. AOR oso Ay 


-0005 0108 

006 Loc 56 
69° 26 46 N 
133°" 02 03 W 
Zo. 5 04 Vv 

10 ft 


Toc Py oa ae 


-0005 0100 
007 Loc 56 
69° 26 46 N 
133° 02 03W 
00.9 05 v 
10 ft 


1 Ee Po. CSVA SL 


-0905 0104 
Loe. 56 
69° 26 46 N 
L3ao°) 02 03 W 
OZ oaee > Vv 
LOME 


008 


TEMP SAL 


-0006 0116 
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DATA (continued) 
"Richardson" Serial Data 


Note 


The presentation of serial data in this section derives directly from methods 
used at the Canadian Oceanographic Data Centre. 
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EXPLANATION OF DATA RECORD HEADINGS 


MASTER HEADINGS 


( 1) C-REF-NO (6) YR (11) DEPTH (16) WAVES 1 (21) AIR T (26) VIS 
(052) CONSSNO ( 7) MONTH (12). MXSAMPD Ml?) WAVES 2 (22) WET B (27) SIN 
(2) aAT Cys) DAY (13) NORDP TH (18) WND-DIR_ (23) ww-CODE 

( 4) LON (oO) EL (14) W-COLOR (19) WND-FCE (24) CLD-TPE 

( 5) MARSD SQ (10) C/I (15) W- TRNSP (20) BARO (25) CLD-AMT (28) HW 


( 1) CRUISE REFER- 
ENCE NUMBER: Assigned by the Institute. Commences with 001 at the 
beginning of each year (effective Jan. 1, 1963). Prior 
to that date the CRN was a number designated by CODC. 


( 2) CONSECUTIVE : 
NUMBER: Indicates the chronological order in which the stations were 
occupied. 


(3) LAVITUDE: 


Indicate the position of the platform at the time of observation. 
( 4) LONGITUDE: 


( 5) MARSDEN 


SQUARE: Designates the geographic area code of the observation. 
( 6) YEAR: 
( 7) MONTH: 
(8). DAY: 
( IHOURs The time (Greenwich Mean Time) at which the surface 


environmental data were recorded. It is reported to 
tenths of hours. c 

If an ''"X'' precedes the value for HOUR, (prior to Jan. 1, 
1963) it indicates that the reported time is doubtful. 


(10) COUNTRY/ 
INSTITUTE: The International Geophysical Year (IGY) Country Code/ 
Institute Code. 


(11) DEPTH: The sounding reported in metres. 


(12) MAXIMUM 
SAMPLING DEPTH: A code to indicate the deepest sampling depth 
00m- 50m = 00 
5im =) b50nr 401 
15 dm) 250m =i0i2 
CUC. 


(14) 


(15) 


(16) 


NUMBER OF 
DEPTH: 


WATER COLOUR: 


WATER 
TRANSPARENCY: 


WAVES 1 


(dd Pw Hy code): 


WAVES 2 


d P__H_-code): 
(dd ww e) 


WIND DIRECTION: 


WIND FORCE 
(WND-FCE): 


WIND SPEED 
(WND-SPD): 


BAROMETER: 


AIR 
TEMPERATURE: 


WET BULB: 
ww CODE: 


CLOUD TYPS: 
CLOUD AMOUNT: 
VISIBILITY: 


STATION: 


HOURS AFTER 
HIGH WATER: 


~Hi0)= 


The number of levels observed at each station 


The Forel-Ule Code 


The depth in metres at which a Secchi disc (white disc, 
30 cm. in diameter) just disappears from view, or the 
optical density expressed in percentage; j 


The direction, period and height of the wind- propagated 
wave system (See Tables 3 and 4.) Ref: World 
Meteorological Organization Codes 0885, 3155, 1555. 


The direction, period and height of the predominant non- 
wind-propagated wave system. (See Tables 3 and 4.) 
Ref: World Meteorological Organization Codes 0885, 315 
1555. 


The true direction to the nearest 10 degrees from which 


the wind is blowing (wind direction 990 means:- wind 
variable or direction unknown). 


Beaufort notation 


Estimated in nautical miles per hour 


The barometric pressure reported in millibars 


CF) 


( 


Present Weather Code (See Table 8) Ref: WMO Code 467 


The type of predominating clouds (See Table 5). 
Ref: WMO Code 0500. 


The sky coverage in eighths (See Table 6). 
Ref: WMO Code 2700. 


Visibility at the surface (See Table 7). 
Ref: WMO Code 4300. 


A station reference number, assigned by the institute 
prior to, or during the survey. 


Indicates the state of the tide for nearshore observations 


= 200, 


OBSERVED DATA HEADINGS 


DEPT Hs The depth in metres at the moment the oceanographic 
bottle reversed. 
SARIN GY "3 The salinity as reported in 


a 1 LOO Gaeve per 1000 or 

b. 1/1000 parts per 1000 

In case a:,. a NON-significant third place decimal is 
reported as zero. 


In case b: the 3rd place of decimals is significant 


— LOIg= 


Table | 


CONVERSION 
MINUTES TO '4, HRS, 


Minutes Tenths Hrs, 


57—59 (next HR.) 


Table 2 DIRECTION CODE (dd) 


td ate hae " '0 
WN " 
wit a hs 1,20 


o i) nf 


Description 
Calm (no waves —no motion) 


Wind direction variable, or 
all directions or unknown 99 


Waves confused, direction 
indeterminate (waves equal 
to or less than 4% metres) 49 


Waves confused, direction 
indeterminate (waves grea- 
ter than 4% metres) 99 


For Wave Heights Over 4% m (15 ft) 
Add 50 to Wave Direction (Code (DwDw) S 
SK 


e 


NN 


So 
So 
\ 
\w 
ot 


| 0 

My 

4, 
"Ny 


280 
Mpa "1 
o8 


\ 
rea vlan 


See 
9z | 270 
99% 4 a sy " 
Vf x wy" 
\\ 


“ul, 
U7) m Pu ' 
06 


AN 
Aw 

209 "| on ari Ni vid eo 

190 180 | 170 


NOTE: Ratt 


Always use the true direction from which the wind is blowing, or the 
direction from which Waves I (sea), or Waves II (swell) come. 


= T02ae 


Table 3 PERIOD OF THE WAVES (Pw) 


(Measure to the Nearest Second) 


AD OO SP Ww ND 


Period in Seconds: 


5 sec. or less 
6 or 7 sec, 
8 or 9 Sec. 
10 or 11 sec. 
12 or 13 sec, 
14 or 15 sec, 


Period in Seconds: 


16 or 17 sec. 
18 or 19 sec, 
20 or 21 sec. 
Over 21 sec, 
Calm, or period 
not determined 


Table 4 HEIGHT OF THE WAVES (Hw) 


e The average value of the wave height (vertical distance between 
trough and crest) is reported, as obtained from the larger well 
formed waves of the wave system being observed. 


® Each code figure provides for reporting a range of heights. For 
example: 1 = 4 m(1 ft) to % m (2% ft); 5 = 244 m (7 ft) to 2% m(9 
ft); 9 = 44 m (13% ft) to 4% m (15 ft), etc. 
e If a wave height comes exactly midway between the heights corre- 


sponding to two code figures, the lower code figure is reported; 
e.g. a height of 2% m is reported by code figure 5. 


Code 


Ke ODA AU SP WNHre © 


Less than 4 m (1 ft) 


Yo 


m( 1% ft) 


1 me Ih 


YWem(5 ft)” 


2 m( 6% ft) 
24m( 8 ft) 
3 m( 94 ft) 
344m(11_ ft) 
4 m(13 ft) 
44%m (14 ft) 


Height not determined 


Add 
50 
to 
Dw Dw 


Code 


OMDADUITFLWN- OS 


5 m(16 ft) 
5% m (17% ft) 


6 m.@hoy’ ft) 
644m (21 ft) 
7 m (22% ft) 
Tm (24 ~~ ft) 
8 m (25% ft) 
814m (27 ft) 
9 m(29 ft) 


9% m (30% ft) or more 


- 103 - 


Table 5 CLOUD TYPE CODE 


Cloud Type | Code | Cloud Type 
5 


KG rs clare etre Sie Nimbostratus....... NS 
Stratocumulus ...... Sc 


GCITTOStIAWUS) cua. Cs 
Altocumulus........ Acj]/ 8 |Cumulus....... ore 
Altostratus......... AS|| 9 |Cumulonimbus...... 


Cloud not visible owing to darkness, fog, duststorm, sandstorm, 
or other analogous phenomena 


x~iPONrO 


Table 6 CLOUD AMOUNT CODE 


Ti cloud cover [ode] 
0 


1 okta or less, 
but not zero 
2 oktas 
3 oktas 
4 oktas 
5 oktas 


Note: 1 okta = ¥ of the sky covered 


Cloud Cover 


6 oktas 
7 oktas or more, 

but not 8 oktas 
8 oktas 
Sky obscured, or 
cloud amount cannot 
be estimated 


Table 7 VISIBILITY 


Estimate of hor, Visibilit 


0 Less than 50 metres (less than 55 yards) 

1 50—200 metres (approx. 55—220 yards) 

2 200—500 metres (approx. 220-550 yards) 

3 500—1,000 metres (approx. 550 yards— % n.m.) 
4 1—2 km (approx. %—1 n.m.) 

5 2—4 km (approx. 1—2 n.m.) 

6 4—10 km (approx. 2—6 n.m.) 

7 10—20 km (approx. 6—12 n.m.) 

8 20—50 km (approx. 12—30 n.m.) 

9 50 km or more 30 n.m, or more) 


Note: nom. = nautical mile 


Table 8 PRESENT WEATHER 


- 104 - 


W.W. CODE 


NO PRECIPITATION ON STATION AT TIME OF OBSERVATION 


Code figure 
ww 


No meteors 
except 
photometeors 


Haze, dust, sand or smoke 


ee 


00 
01 
02 
03 
04 
05 
06 


07 


08 


13 


18 
19 


Cloud development not ob- 

served or not observable characteristic 
Clouds generally dissolving change of the 
or becoming less developed state of sky 
State of sky on the whole during the 
unchanged past hour 
Clouds generally forming or 

developing 

Visibility reduced by smoke, e.g. veldt or 


forest fires, industrial smoke or volcanic ashes 
Haze 
Widespread dust in suspension in the air, not 
raised by wind at or near the station at the time 
of observation 
Dust or sand raised by wind at or near the sta- 
tion at the time of observation, but no well de- 
veloped dust whirl(s) or sand whirl(s), and no 
duststorm or sandstorm seen 
Well developed dust whirl(s) or sand whirl(s) 
seen at or near the station during the preced- 
ing hour or at the time of observation, but no 
dustorm or sandstorm 
Duststorm or sandstorm within sight at the time 
of observation, or at the station during the pre- 
ceding hour 
Mist 
Patches of ) shallow fog or ice fog at the sta- 
ion, whether on land or sea, not 
More of lesS( deeper than about 2 metres on 
continuous ) Jand or 10 metres at sea 
Lightning visible, no thunder heard 
Precipitation within sight, not reaching the 
ground or the surface of the sea 
Precipitation within sight, reaching the ground 
or the surface of the sea, but distant (i.e. esti- 
mated to be more than 5 km) from the station 
Precipitation within sight, reaching the ground 
or the surface of the sea, near to, but not at the 
station 
Thunderstorm, but no precepitation at the time 
of observation 


Squalls 


tion during the preceding hour 
Funnel clouds 


at or within sight of the sta- 
or at the time of observation 


ww = 20 — 29 


30 


49 


Precipitation, fog, ice fog or thunderstorm at 
the station during the preceding hour but not at 
the time of observation 

Drizzle (not freezing) or snow 

grains 


Rain (not freezing) 

Snow 

Rain and snow or ice pellets, 
type (a) 


Freezing drizzle or freezing 
rain 


Shower (s) of rain 

Shower (s) of snow, or of rain and snow 

Shower (s) of hail, or of rain and hail 

Fog or ice fog 

Thunderstorm (with or without precipitation) 

Duststorm, sandstorm, drifting or blowing snow 

—has decreased during the 
preceding hour 


—no appreciable change during 
the preceding hour 


not falling as 
shower (s) 


Slight or mo- 
derate dust- 
storm or sand- 


storm —has begun or has increased 
during the preceding hour 
—has decreased during the 
Satrora anste preceding hour 
storm or sand- / —no appreciable change du- 


ring the preceding hour 


—has begun or has increased 
during the preceding hour 


Slight or tf 


storm 


generally low (below eye 


blowing snow level) 


Heavy drifting snow 


Slight or moderate nea high (above eye 


blowing snow level) 


Heavy blowing snow 


Fog or ice fog at the time of observation 


Fog or ice fog at a distance at the time of ob- 
servation, but not at the station during the pre- 
ceding hour, the fog or ice fog extending to a 
level above that of the observer 


Fog or ice fog in patches 


Fog or ice fog, sky ; 

visible has become thinner during 

Fog or ice fog, sky the preceding hour 

invisible 

Fog or ice fog, sky 

visible no appreciable change 

Fog or ice fog, sky ( during the preceding hour 

invisible 

Cae ice fog, sky has begun or has become 
; thicker during the prece- 

Fog or ice fog, sky \ ding hour 

invisible 

Fog, depositing rime, sky visible 


Fog, depositing rime, sky invisible 


NO PRECIPITATION ON STATION AT TIME OF OBSERVATION 


§6 
67 
58 
59 
ww - » 60 — 69 


60 
61 
62 
63 


64 


Drizzle, not ‘freez- 


Bolla precipitation: not in showers 


Table 8 (CONT'D) 


PRECIPITATION ON STATION AT TIME OF OBSERVATION 


Drizzle 


ing, intermittent slight at time of observa- 

Drizzle, not freez- { thon 

ing, Continuous 

Drizzle, not freez- 
moderate at time of ob- 
servation 


ing, intermittent 

Delzzle, not freez- 

ing, continuous 

Drizzle, not freez- 
heavy (dense) at time of 
observation 


ing, intermittent 


Drizzle, not freez- 
ing, continuous 


Drizzle, freezing, alight 

Drizzle, freezing, moderate or heavy (dense) 
Drizzle and rein, slight 

Drizzle and tain, m moderate or heavy 


69 Rain 


‘Raln, not freezing,)  ttst~S~S 
fotermittent slight at time of observa- 
Nain, not freezing, ( ton 

continuous 

Rain, not freezing, 

intermittent moderate at time of ob- 
Rain, not freezing, ( servation 

continuous 

Rain, not freezing, 

Intermittent heavy at time of observa- 
Rain, not freezing, ( ton 

continuous 


Rain, freezing, allaht 

Rain, freezing, moderate or heavy 

Ftaln or drizzle und snow, alight 

Rain or drizzle and know, moderate or heavy 


ee er a 


Intermittent fall of snow 

flukes slight at time of ob- 
Continuous fall of snow | servation 

flakes 

Intermittent fall of snow 

flakes moderate at thne of 


Continuous fall of snow ( Observation 
finkes 


Intermittent fall of snow 
Oakes | 


Continuous fall of snow 
flakes 

{ce ptisms (with or without fog) 

bnow grains (with or without fog) 

ere starlike snow ervstals (with or without 
oer) 

Iee pellets, tyne (a) 


heavy at time of ob- 
servation 


80 
81 
82 
83 
84 


85 


86 
87 


88 
89 


90 
91 
92 


93 


9 


> 


95 


96 


97 


98 


99 


ww = 80-~99 Showery precipitation, or precipitation with 


current or recent thunderstorm 
‘Rain shower(s), ‘slight 

Rain shower(s), moderate or heavy 

Rain shower(s), violent 

Shower(s) of rain and snow mixed, slight 


Showers) of rain and snow mixed, moderate or 
heavy 


Snow shower(s), slight 
Snow shower(s), moderate or heavy 
tata of snow pel- ) = slight 


Jets or ice pellets, type 

(b), with or without rain 

Or rain and snow mixed ) — moderate or heavy 

Shower(s) of hail, with or ) -- slight 

without rain or rain and 

snow mixed, not assoct- 

ated with thunder - moderate or heavy 
Slight rain at time of ob- 
servation 
Moderate or heavy rain at 
time of observation 
Slight snow, or rain and 
snow mixed or hail at 
time of observation 
Moderate or heavy snow, 
or ratnand snow mixed 
of hull at time of obser- 
vation 


Thunderstorm, slight or 
moderate, without hatl, - 


thunderstorm during 
the preceding hour 
bul not at time of ob- 
aervation 


but with rain and/or 
snow at time of observa- 
tlon 

Thunderstorm, slight or 
moderate, with hatl at 
time of observation 
Thunderstorm, heavy, 
without hail, but with 
rain and/or snow at time 
of observation 
Thunderstorm, combined 
with duststorm or sand- 
storm at time of obser- 
vation 

Thunderstorm, heavy, 
with had) at time of ob- 
servation 


thunderstorm at time 
of observation 


PRECIPITATION ON STATION AT TIME OF OBSERVATION 
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"Richardson'’ Programme 
Serial data 


Consecutive numbers 1 to 47 


C-REF-NO 002 
CONS. NO OO1 
LAT 69-234N 
LON 132-595W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 002 
LAT 69-238N 
LON 132-595W 
MARSD SQ 


YR 1963 
MONTH 7 
DAY 26 
HR 20.8 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 


1963 
MONTH 7 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


DEPTH 

MXSAMPD 
NO.OPTH 
W-COLGR 
W-TRNSP 


1 & BP 


=108"= 


10 


5 


10 


WAVES 1 22XX 
WAVES 2 22X1 
WND-DIR 220 
WNO-SPD 15 
BARO 1000.5 


WAVES 1 22XX 
WAVES 2 22X1 
WND-DIR 220 
WND-SPD 15 
BARO 1000.5 


AIR T 68.0 VIS t 
WET B 60.0 STN OO1 
WW-CODE 03 

CLO-TPE 8 

CLDO-AMT 2 HW 

AIR T 68-0 VIS qT 
WET B 60.0 STN 002 
WW-CODE 03 

CLO-—DPE 8 

CLD-AMT 2 HW 


C-REF-NO 002 
CONS. NO 003 
LAT 69-241N 
LON 132-589W 
MARSD SQ 


C-REF-NO 002 
CUNS. NO O64 
LAT 69-243N 
LON 132-595W 
MARSD SQ 


YAL 1963 
MONTH 7 
DAY 26 
HR 22.8 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0012 


YR™ F965 
MONTH 7 
DAY 26 
HR 23.8 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0012 


bE MP 


DEPTH 

MXSAMPD 
NO.OPTH 
w-COLOR 
W-TRNSP 


TEM? 


13. WAVES 1 22XxX 

WAVES 2 22X1 

7 WND-DIR 220 

WND-SPD 15 

BARO 1000.5 
SAL 
07400 
yaa Oe Oe) 
26046 
26453 
27650 
26673 
27395 

13. WAVES 1L 22XX 

WAVES 2 22X1 

7 WND-DIR 220 

WND-SPD 20 

BARO 1000.5 
SAL 
05880 
05970 
20044 
25350 
26918 
27713 
28585 


AIR T 
WET B 
WW-CODE 
CLDO-TPE 
CLDO-AMT 


AIR T 
WET B 
WW-CODE 
CLO-TPE 
CLD-AMT 


68.0 
60.0 
03 

8 

2 


68.0 
60.0 
03 

8 

3 


VIS 7 
STN 003 
HW 
VIS 7 
STN 004 
HW 


C-REF-NO 002 
CONS. NO 005 
LAT 69-245N 
LON 132-587W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 006 
LAT 69-247N 
LON 132-586W 
MARSD SQ 


YR, 1963 
MONTH 7 
DAY 27 
HR 00.5 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0015 
0020 


YR 1963 
MONTH 7 
DAY 27 
HR O1.7 
C/I 1813 


DEPTH 


0000 
OU02 
0006 
09008 
0010 
GO18 
0024 


DEPTH 

MXSAMPD 
NO.DPTH 
w-COLOR 
W-TRNSP 


TE 4? 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


| fe aay Cal 


~ J 


25 


SA it 


05000 
05400 
06650 
22154 
25079 
26594 
28817 
29286 


L0°= 


WAVES 1 22XX 
WAVES 2 22X1 
WNDO-DIR 220 
WND-SPD 20 
BARO 1000.5 


WAVES 1 22XxX 
WAVES 2 22X1 
WND-DIR 220 
WND-SPD 20 
BARO 1000.5 


AIR T 
WET B 
WwW-CODE 
CLD-TPE 
CLD-AMT 


AIR T 
WET B 
WW-CODE 
CLO-7 PE 
CLDO-AMT 


68.0 
60.0 
03 

8 
4 


68.0 
60.0 
03 

8 

5 


VIS 

STN 005 
Hw 

VIS 7 
STN 006 
HW 


Re GaN) Ue 
CUNS. NO OO7 
LAT 69-249N 
LON 132-585W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 008 
LAT 69-250N 
LON 132-582W 
MARSD SQ 


YRe 31963 
MONTH 7 
DAY eg 
HR 02.2 
C/I 1813 


CEPTH 


0000 
0002 
0004 
0006 
0008 
0011 
0018 


YR 1963 
MONTH 7 
DAY 27 
HR 02.7 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0015 


DEPTH 

MXSAMPD 
NO.OPTH 
Ww-COLOR 
W-TRNSP 


ADs i 


DEPTH 


MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


ak 6? 


pa Ot 


WAVES 1 22XX 
WAVES 2 22X1 


WND-DIR 220 
WND-SPD 20 
BARO 1000.5 


WAVES 1 22XX 
WAVES 2 22X1 


WND-DIR 220 
WND-SPD 20 
BARO 1000.5 


ATRIOS 6521.0) “WIS 7 
WET B 59.0 STN 007 
WW-CODE 03 

CLD-T'PE 8 

CLD-AMT 6 HW 

AIR T 65.0 VIS T 
WET B 59.0 STN 008 
WW-CODE 03 

CLD-TPE 8 

CLD-AMT 6 HW 


C-REF-NO 002 
CONS. NO 009 
LAT 69-266N 
LON 132-022W 
MARSD SQ 


C-REF-NO 002 
CONS.» NO O10 
LAY 69-265N 
LON 132-593W 
MARSD SQ 


C-REF-NO 002 
CONS. NO O11 
LAT 69-264N 
LON 132-579W 
MARSD SQ 


YR" 1963 
MONTH 7 
DAY 27 
HR 16.3 
C/I 1813 


DEPTH 


0000 
0002 
0003 
0004 
0006 
0010 


YR 1963 
MONTH 7 
DAY “ti 
HR 17.0 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
O01iz 


YR 1963 
MONTH 7 
DAY 27 
HR 17.4 
C/I 1813 


DEPTH 


0000 
0001 
0004 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


Pe ee 


DEPTH 
MXSAMPD 
NO.DPTH 


~W-COLOR 


W-TRNSP 


rear 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


ca 


ll 


6 


WAVES 1 32XX 
WAVES 2 32X2 
WND-DIR 320 
WND-SPD 15 
BARO 1000.9 


WAVES 1 32XX 
WAVES 2 32X2 
WND-DIR 320 
WND-SPD 25 
BARO 1000.9 


WAVES 1 32XX 
WAVES 2 32X2 


WND-DIR 320 
WND-SPD 25 
BARO 1000.9 


AIR T 58.0 
WET B 56.0 
WW-CODE 64 
CLO-TPE 6 
CLD-AMT 9 
AIR TF 58.0 
WET B 56.0 
WW-CODE 59 
CLO-TPE 6 


CLDO-AMT 9 


AIR T 58.0 
WET B 56.0 
WW-CODE 59 


CLD-TPE 6 
CLD-AMT 9 


VIS 6 
STN 018 
HW 

VIS 6 
STN OLS 
HW 

VIS 6 
STN 014 
HW 


C-REF-NO 002 
CONS. NO 012 
LAT 69-260N 
LON 132-587W 
MARSD SQ 


C-REF-NO 002 
CONS. NO O13 
LAT 69-260N 
LON 132-598W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 014 
LAT 69-255N 
LON 132-587W 
MARSD SQ 


YR 1963 
MONTH 7 
DAY 27 
HR 17.9 
C/I 1813 


DEPTH 


0000 
0002 
0003 
0004 
0007 


YR 1963 
MONTH 7 
DAY 27 
HR 18.4 
C/I 1813 


DEPTH 


0000 
0002 
0003 
0005 
0007 
0008 


YR 1963 
MONTH T7 
DAY 27 
HR 20.5 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0014 
0020 


TE? 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


Eu? 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


i OS ale Pw 


WAVES 1 32XX 
WAVES 2 32X2 
WND-DIR 320 
WND-SPD 20 
BARO 1000.9 


WAVES 1 32XX 
WAVES. 2 32X2 


WND-DIR 320 
WNDO-SPD 30 
BARO 1000.9 


WAVES 1 32XX 
WAVES 2 32X2 
WND-DIR 320 
WND-SPD 30 
BARO 1000.9 


AIR T 58.0 
WET B 50.0 
WW-CODE 02 


CLD-TPE 6 
CLD-AMT 9 


AIR T 58.0 
WET B 50.0 
WW-CODE O02 


CLO-TPE 6 
CLD-AMT 9 


AIR T 58.0 
WET B 50.0 
WW-CODE 02 


CLCDO-TPE 6 
CLO-AMT 9 


VIS 6 
STN 013 
HW 
VIS 8 
STN 012 
HW 
VIS 8 
STN O11 
HW 


C-REF-NO 002 
CONS. NO O15 
LAT 69-250N 
LON 132-581W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 016 
LAT 69-250N 
LON 132-581W 
MARSD SQ 


C-REF-NO O62 
CONS. NO O17 
LAT 69-270N 
LON 132-596W 
MARSD SQ 


YR 1963 
MONTH 7 
DAY 28 
HR 02.4 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0069 
0012 
0016 


YR)» 5963 
MONTH 7 
DAY 28 
HR 02.9 
C/I 1813 


DEPTH 


0000 
0002 
0004 


YR 1963 
MONTH 7 
DAY 29 
HR OO.7 
CAL, 181-3 


DEPTH 


0000 
0002 
0004 


TE MP 


DEPTH 

MXSAMPD 
NO.OPTH 
W-COLOR 
W-TRNSP 


tT €ecF 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


Dee BoP 


1945 


16 WAVES 1 32Xx 
WAVES 2 32X2 
7 WND-DIR 320 
WND-SPD 35 
BARO 1000.9 


SAL 


04930 
04800 
04880 
22654 
26008 
28120 
28026 


5 WAVES 1 32XX 
WAVES 2 32X2 


3 WND-DIR 320 
WND-SPD 35 
BARO 1000.8 

> Aa 
04860 
04950 
05310 


4 WAVES 1 27XX 
WAVES 2 27X2 
3 WND-DIR 270 
WND-SPD 20 
BARO 1001.0 


AIR T 58.0 vIS 

WET B 50.0 STN 009 
WW-CODE 02 

CLD-TPE 6 

CLD-AMT 9 HW 

AIR T 58.0 VIS 8 
WET BP*50.60" (SEN 40 90 


WW-CODE 02 
CLDO-TPE 6 
CLDO-AMT 9 HW 


AIR T 50.0 VIS q 
WET B 48.0 STN 016 
WW-CODE 52 

CLD-TPE 6 

CLD-AMT 9 «HW 


C-REF-NO 002 
CONS. NO 018 
LAT 69-271N 
LON 133-002W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 019 
LAT 69-281N 
LON 133-029W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 020 
LAT 69-308N 
LON 133-086W 
MARSD SQ 


YR 1963 
MONTH 7 
DAY 29 
HR 01.2 
C/I 1813 


DEPTH 


0000 
0002 
0003 
0004 


0006 - 


YR 1963 
MONTH 7 
DAY 29 
HR O1.7 
C/I 1813 


DEPTH 


0000 
0002 
0004 


YR 1963 
MONTH 7 
DAY 29 
HR 02.2 
C/I 1813 


DEPTH 


0000 
0002 
0004 


DEPTH 

MXSAMPD 
NO.DPTH 
wW-COLOR 
W-TRNSP 


Ee ee 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


DEPTH 

MXSAMPD 
NO.DOPTH 
wW-COLOR 
W-TRNSP 


TREIGH | P 


Se 


.WND-SPD 


SAL 


06180 
07630 
08580 


WAVES 1 27XX 
WAVES 2 27X2 
WND-DIR 270 
WND-SPD 20 
BARO 1001.0 


WAVES 1 27XX 
WAVES 2 27X3 
WND-DIR 270 
20 


BARO 1001.0 


WAVES 1L 27XX 
WAVES 2 27X3 
WND-DIR 270 
WND-SPD 20 
BARO 1001.0 


AIR T 50.0 
WET B 48.0 
WW-CODE 52 
CLD-TPE 6 
CLO-AMT 9 


AIR T 50.0 
WET B 48.0 
WW-CODE 02 
CLD-TPE 6 
CLD-AMT 9 


AIR T 50.0 
WET B 48.0 
WW-CODE 02 
CLDO-TPE 6 
CLD-AMT 9 


VIS qT 
STN O1T 
HW 
VIS 7 
STN 019 
HW 
VIS T 
STN 020 
HW 


C-REF-NO 002 
CONS. NO 021 
LAT 69-346N 
LON 133-104W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 022 
LAT 69-387N 
LON 133-125W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 023 
LAT 69-247N 
LON 132-586W 
MARSD SQ 


YR" - T2363 
MONTH 7 
DAY 29 
HR 02.7 
C/I 1813 


DEPTH 


0000 
0002 
0003 


YR 1963 
MONTH 7 
DAY 29 
HR™ Osan 
C/I 1813 


YR 1963 
MONTH 8 
DAY 15 
HR 23.8 
C/I 1813 


DEPTH 


0000 
0002 
0006 
0008 

0010 
0012 
0018 
0024 


DEPTH 

MXSAMPD 
NO.-DPTH 
W-COLOR 
W-TRNSP 


128 


DEPTH 

MXSAMPD 
NO.DPTH 
wW-COLOR 
W-TRNSP 


Tb daee 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


Toe ca? 


= or 


SAL 


02700 
02600 
02100 
22200 
26761 
28006 
28784 
28909 


WAVES 1 27XX 
WAVES 2 27X3 
WND-DIR 270 
WND-SPD 20 
BARO 1001.0 


“WAVES 1 27XX 


WAVES 2 27X3 
WND-DIR 270 
WND-SPD 20 
BARG 1001.0 


WAVES 1 22XX 
WAVES 2 22X1 
WNO-DIR 220 
WND-SPD 15 
BARO 1000.0 


AIR T 50.0 
WET B 48.0 
WW-CODE 02 
CLD-TPE 6 
CLDO-AMT 9 


AIR T 50.0 
WET B 48.0 
WW-CODE 02 


EE ie ad = 6 
CLDO-AMT 9 


AIR T 55.0 
WET B 50.0 
WW-CODE 02 


CLD-TPE 6 
CLO-AMT 6 


VIS ia 
STN 021 

HW 

VIS) 

STN 022 

HW 

VIS “so 

STN 006 

HW 


C-REF-NO 002 
CONS. NO 024 
LAT 69-247N 
LON 132-586W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 025 
LAT 69-247N 
LON 132-586W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 026 
LAT 69-387N 
LON 133-125W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 027 
LAT 69-346N 
LON 133-104W 
MARSD SQ 


YR 1963 
MONTH 8 
DAY 21 
HR 23.5 
C/I 1813 


YR 1963 
MONTH 9 
DAY 06 
HR 20.2 
C/I 1813 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


DEPTH 


MXSAMPD 


NO.DPTH 
w-COLOR 


W-TRNSP 


- 117 - 


rap 


27 


WAVES 1 22XX 
WAVES 2 22X1 
WND-DIR 220 
WND-SPD 10 
BARO 1002.1 


Bathythermograph lowering only. 


WAVES 1 O9XX 
WAVES 2 09X1 


WND-DIR 090 
WND-SPD 15 
BARO 1002.0 


Bathythermograph lowering only. 


YR 1963 


MONTH 9: 


DAY DS 
HR 21.7 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0005 


YR 1963 
MONTH 9 
DAY L2 
HR 22.4 
C/I 1813 


DEPTH 


0000 
0002 
0004 


DEPTH 

MXSAMPD 
NO.DPTH 
wW-COLOR 
W-TRNSP 


TEMP 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


WAVES 1 36XX 
WAVES 2 36X2 


WND-DIR 360 
WND-SPD 15 
BARO 1002.0 


WAVES 1 36XX 
WAVES 2 36X2 


WNO-DIR 360 
WND-SPD 15 
BARO 1002.0 


AIR T 59.0 
WET B 53.0 
WW-CODE 01 
CLD-TPE 6 
CLD-AMT 5 
AIR T 35.0 
WET B 34.0 
WW-CODE 03 
CLO-TPE 6 
CLD-AMT 9 


AIR T 29.5 


WET B 28.0 
WW-CODE 02 
CLD-TPE 8 


CLD-AMT 9 


AIR T 29.25 
WET B 28.0 
WwW-CODE O02 


CRDATFE 8 
CLO-AMT 9 


VIS 9 
STN 006 
HW 

VIS 8 
STN 006 
Hi 

VIS 8 
STN 022 
HW . 

VIS 8 
STN 021 
HW 


C-REF-NO 002 
CONS. NO 028 
LAT 69-308N 
LON 133-086W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 029 
LAT 69-280N 
LON 133-029W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 030 
LAT 69-271N 
LON 133-002W 
MARSD SQ 


¥R '3969 
MONTH 9 
DAY 13 
HR 23.2 
C/I 1813 


DEPTH 


0000 
0002 
0004 


YR 1963 
MONTH 9 
DAY 13 
HR 23.8 
C/I 1813 


DEPTH 


0000 
0002 
0003 


YR 1963 
MONTH 9 
DAY 14 
HR 00.4 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 


DEPTH 

MXSAMPD 
NO.DPTH 
Ww-COLOR 
W-TRNSP 


Té& #2 


DEPTH 

MXSAMPD 
NO.DPTH 
wW-COLOR 
W-TRNSP 


hE MP 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


Tce MP 


7 aS = 


& WAVES 1 36XX 
WAVES 2 36X2 
3 WND-DIR 360 


WND-SPD 
BARO 


15 
1002.0 


WAVES 1 36XX 
WAVES 2 36X2 


WND-DIR 360 
WND-SPD 15 
BARO 1002.0 


WAVES 1 36XX 
WAVES 2 36X2 


WND-DIR 360 
WND-SPD 15 
BARO 1002.0 


AIR T 30.0 VIS 8 
WET B 29.0 STN 020 
WW-CODE 02 

GLB-TPE 8 

CLD-AMT 9 HW 

AIR T 30.0 VIS 8 
WET B 29.0 STN 019 
WW-CODE 02 

CLO-TPE 8 

CLD-AMT 9 HW 

AIR T 30.0 VIS 8 
WET B 29.0 STN O17 
WW-CODE 02 

CLD-TPE 8 

CLD-AMT 9 HW 


C-REF-NO 002 
CONS. NO 031 
LAT 69-270N 
LON 132-596W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 032 
LAT 69-266N 
LON 133-022W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 033 
LAT 69-265N 
LON 132-593W 
MARSD SQ 


YR 1963 
MONTH 9 
DAY 14 
HR 01.3 
C/I 1813 


DEPTH 


0000 
0002 
0004 


YR 
MONTH 9 
DAY 14 
HR 20.6 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0009 


YR 1963 
MONTH 9 
DAY 14 
HR 21.2 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0014 


1963 - 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TE “P 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


Tce a P 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


1°E BP 


—119 - 


WAVES 1 36XX 
WAVES 2 36X2 
WND-DIR 360 
WND-SPD 15 
BARO 1002.0 


WAVES 1 14XX 
WAVES 2 14X2 


WNO-DIR 140 
WND-SPD 25 
BARO 1002.0 


WAVES 1 14XX 
WAVES 2 14X2 


WND-DIR 140 
WND-SPD 25 
BARO 1002.0 


AIR T 30.0 VIS 8 
WET B 29.0 STN 016 
WW-CODE 02 

CLO-TPE' 8 

CLD-AMT 9 HW 

AIR T 33.0 VIS 9 
WET B 32.0 STN 018 
WW-CODE 03 

CLD-TPE 6 

CLD-AMT 6 HW 

AIR T 33.0 VIS 9 
WET B 32.0 STN O15 
WW-CODE 03 

CLD-TPE 6 

CLD-AMT 6 HW 


C-REF-NO 002 
CONS. NO 034 
LAT 69-264N 
LON 132-579W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 035 
LAT 69-260N 
LON 132-587W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 036 
LAT 69-260N 
LON 132-598W 
MARSD SQ 


YR 1963 
MONTH 9 
DAY 15 
HR 15.23 
C/I 1813 


DEPTH 


0000 
0001 
0003 


YR 1963 
MONTH 9 
DAY 15 
HR 15.7 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0005 
0007 


YR 1963 
MONTH 9 
DAY 15 
HR 16.1 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0009 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


DEPTH 

MXSAMPD 
NO.DPTH 
w-COLOR 


~W-TRNSP 


TEMP 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


he R oP 


= Lao te 


5 WAVES 1 18XX 
WAVES 2 18X1l 


3 WNOD-DIR 180 

' WND-SPD 20 

BARO 1001.5 
SAL 
08600 
08240 
09220 


9 WAVES 1 18XX 
WAVES 2 18X1 
5 WND-DIR- 180 
WND-SPD 20 
BARO 1001.5 


SAL 


08880 
08970 
21610 
25960 
27345 — 


10 WAVES 1 18XxX 
WAVES 2 18X1 

6 WND-DIR 180 
~ WND-SPD 20 


BARO 1001.5 


AIR T 30.5 
WET B 30.5 
WW-CODE 02 
CLD-TPE 6 
CLD-AMT 5 


AIR T 30.5 
WET B 30.5 
WW-CODE O02 
CLO-TPE 6 
CLD-AMT 5 


AIR T 30.5 


WET B 30.5 
WW-CODE 02 
CLD-TPE 6 


CLD-AMT S 


VIS 9° 
STN 014 

HW 

VIS 2 

STN O13 

HW 

VIS 9 

STN 012 

HW 


C-REF-NO 002 
CONS. NO 037 
LAT 69-256N 
LON 132-588W 
MARSD SQ 


~C-REF-NO 002 
CONS. NO 038 
LAT 69-249N 
LON 132-585W 
MARSD SQ 


YR 1963 
MONTH 9 
DAY 15 
HR 16.7 
C/T 1813 


DEPTH 


0000 
0002 
0004 
0006 


0008 — 


0016 
0015 
0020 


YR 1963 
MONTH 9 
DAY eS 
HR 17.7 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0018 


DEPTH. 

MXSAMPD 
NO.DPTH 
w-COLOR 
W-TRNSP 


ees laa Ho 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


= i21= 


22 WAVES 1 99XxX 

WAVES 2 99X1 

8 WND-DIR- 180 

WND-SPD 20 

BARO 1001.5 
SAL 
10450 
09770 
22340 
26598 
27803 
28469 
29090 
29130 

20 WAVES 1 18XX 

WAVES 2 18X1 

7 WNO-DIR- 180 

WND-SPD 20 

BARO 1001.5 
SA aL 
13720 
15290 
25390 
26650 
27497 
28509 


ATReT 2005 TVIS 9 
WET B 30.5 STN O11 
WW-CODE 02 

CtC0-TPE 6 

CLD-AMT 5 HW 

AIR T 33.0 VIS 9 
WET B 32-0 STN 007 
WW-CODE Ol 

CLD-TPE 6 

CLD-AMT 4 HW 


C-REF-NO 002 
CONS. NO 039 
LAT 69-250N 
LON 132-582W 
MARSD SQ 


C-REF-NO 002 
CONS- NO 040 
LAT 69-24T7N 
LON 132-586W 
MARSD SQ 


YR 1963 
MONTH 9 
DAY 15 
HR 18.2 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0015 


YR 1963 
MONTH 9 
DAY 15 
HR 18.8 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0016 
0024 


DEPTH 

MXSAMPD 
NO.DPTH 
wW-COLOR 
W-TRNSP 


Tt WIP 


DEPTH 

MXSAMPD 
NO.DPTH 
w-COLOR 
W-TRNSP 


T £4 <P 


= 22 = 


17 


7 


WAVES 1 18XX 
WAVES 2 18X1 


WND-DIR 180 
WND-SPD 20 
BARO 1001.5 


WAVES 1 18XX 
WAVES 2 18X1 


WNO-DIR 180 
WNDO-SPD 20 
BARO 1001.5 


AIR T 33.0 
WET B 32.0 
WW-CODE Ol 
CLO-TPE 6 
CLD-AMT 3 
AIR T 33.0 
WET B 32.0 
WW-CODE O01 
CLO-TPE 6 
CLD-AMT 3 


VIS 9 
STN 008 

HW 

VIS 9 

STN 006 

HW 


C-REF-NO 002 
CONS. NO 041 
LAT 69-245N 
LON 132-587W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 042 
LAT 64-243N 
LON 132-595wW 
MARSD SQ 


YR 1963 
MONTH 9 
DAY 15 
HR 21.8 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0016 
0021 


YR 1963 
MONTH 9 
DAY 15 
HR 22.3 
C/T 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0012 


TEMP 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


TEMP 


25 WAVES 1 18XX 
WAVES 2 18X1 
8 WND-DIR 180 
' WND-SPD 20 
BARO 1001.5 
SAL 
18480 
15200 
21990 
24668 
27239 
28054 
28532 
28563 
13. WAVES 1 XX 
WAVES 2 XL 
¢ WND-DIR 180° 
~ WND-SPD 209 
BARO 1001.5 
S« Ail 
17580 
17580 
18940 
25984 
27031 
27292 


AIR T 39.0 VIS 9 
WET B 37.0 STN 005 
WW-CODE Ol 

CLD-TPE 6 

CLD—AMT 2 HW 

AIR T 39.0 vIs 9 
WET B 37.0 STN 004 
WW-CODE O1 

CLO-TPE 6 

CLO-AMT 2 HW 


et 


C-REF-NO 002 YR 1963 DEPTH 13 WAVES 1 18XX AIR T 39.0 VIS 9 
CONS. NO 043 MONTH 9 MXSAMPD WAVES 2 18X1 WET B 37.0. STN 003 
LAT 69-241N DAY 15 NO.DPTH #7 WND-DIR 180 WW-CODE Ol 

LON 132-589W HR 22-8 W-COLOR WND-SPD 20 CLDO-TPE 6 

MARSD SQ C/I 1813 W-TRNSP BARO 1001.5 CLD-AMT 1 HW 


DERBTH TE OMS? SSA 


0000 - 16930 

0002 18430 

0004 22430 

0006 25137 

0008 26840 

0010 26818 

0012 27642 
C-REF-NO 002 YR 1963 DEPTH 10 WAVES 1 18XX AIR T 39.0 VIS 9 
CONS. NO 044 MONTH 9 MXSAMPD WAVES 2 18X1 WET B 37.0 STN 002 
LAT 69-238N DAY 15 NO.OPTH 5 WND-DIR 180 WW-CODE O01 
LON 132-595W HR 23.3 W-COLOR WND-SPD 20 CLD-TPE 6 
MARSD SQ C/I 1813 W-TRNSP BARO 1001.5 CLD-AMT 1 HW 


DEPTH: T EAP cSeAcL 


0000 21640 

0002 21540 

0004 23420 

0006 25894 

0008 27100 
C-REF-NO 002 YR 1963 DEPTH 10 WAVES 1 18XX AIR T 39.0 VIS 9 
CONS. NO 045 MONTH 9 MXSAMPD WAVES 2 18X11 WET B 37.0 STN OOL 
LAT 69-234N DAY 15 NO.OPTH 5 WND-DIR 180 WwW-CODE Ol 
LON 132-594W HR 23.8 W-COLOR WND-SPD 20 CLD-TPE 6 
MARSD SQ C/I 1813 W-TRNSP BARO 1001.5 CLO-AMT 1 HW 


DEPTH TEMP SAL 


0000 19800 
0002 24140 
0004 25340 
0006 26333 


0008 26857 


C-REF-NO 002 
CONS. NO 046 
LAT 69-250N 
LON 132-581W 
MARSD SQ 


C-REF-NO 002 
CONS. NO 047 
LAT 69-250N 
LON 132-581W 
MARSD SQ 


YR 1963 
MONTH 9 
DAY 16 
HRami5. 7 
C/I 1813 


DEPTH 


0000 
0002 
0004 
0006 
0008 
0010 
0011 


YR 1963 
MONTH 9 
DAY 16 
HR 16.2 
C/I 1813 


GMT DEPTH 
162 
162 
162 


0000 
0002 
0004 


DEPTH 

MXSAMPD 
NO.DPTH 
W-COLOR 
W-TRNSP 


i lm i 


DEPTH 

MXSAMPD 
NO.DPTH 
wW-COLOR 
W-TRNSP 


TEMP 


ae nae 


WAVES 1 18XX 
WAVES 2 18X1 


WND-DIR_ 180 
WND-SPD 15 
BARO 1001.2 


WAVES 1 18XxX 
WAVES 2 18XX 


WNO-DIR 180 
WND-SPD 15 
BARO 1001.2 


AIR T 33.0 VIS 8 
WET B 32.0 STN 009 
WW-CODE 02 

CLO-TPE 6 

CLD-AMT 6 HW 

AIR T 33.0 VIS 8 
WET B 32.0 STN 010 
WW-CODE 02 

CLO-TPE 6 

CLD-AMT 6 HW 
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DATA (continued) 
Bathythermograms 
The bathythermograph lowerings were made with one BT. 
The traces were reproduced by hand on preprinted grids and are in chrono- 
logical order. The circled number on each reproduction is the consec slide number 


and relates the trace to Lists 1 and 2. The slides are held at the Canadian Oceano- 
graphic Data Centre and are available there in the form of aperture cards (Sauer, 1964). 
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BATHY THERMOGRAMS 
PHASES II AND III, AND "RICHARDSON'! 
LOWERINGS 
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1. INTRODUCTION 


The current survey of 1965 carried out by Mr. C.J. Langford and his group 
in the Bay of Fundy has yielded a very large amount of data (Anon. , 1966). Since that 
time we have developed a technique of current analysis (Godin, 1967) which we were 
anxious to put to test. The material on the Bay of Fundy seemed ideal for such an 
application and with the assistance of the Bedford Institute of Oceanography which has 
supplied us with the data, we have proceeded with the analyses. 


The analyses indicate that the semidiurnal constituents are by far the domi- 
nant ones of the horizontal motion, In the case of short intervals of observation how- 
ever, the contribution of the individual semidiurnal constituents could not be ascer- 
tained accurately on account of the presence of Lo. This constituent is partly of 
shallow water origin (resulting from the interaction of Mg and So), partly of astro- 
nomical origin; it happens to have the same order of magnitude as So and No and it 
cannot be separated for observations covering an interval of 15 days. The results of 
the analyses for Sy and even Mg, in such instances, are blurred by the presence of 
this hidden constituent. 


The low passing of the data reveals in a certain measure the variation of the 
residual current in time. These variations naturally can be interpreted in many ways, 
but over the body of the bay they seem to confirm the surface circulation pattern 
deduced by Bumpus and Lauzier (1965) from the drift of bottles. 


The residual currents measured in Minas Channel are extremely large (1 to 
1.5 knots). But we must remember that they were obtained from spot observations 
and these observations do not necessarily imply that there is a net steady inflow across 
the whole section. We interpret rather these apparent residual currents in the follow- 
ing way. Due to the configuration of the channel and the bottom topography, the 
incoming flood current does not have a uniform value across the section; it may contain 
zones of larger and of smaller velocities. During the ebb flow the velocity pattern 
may be quite different. The net result is that the measurement of the current at one 
point yields a tidal stream of a given strength and phase as well as a residual current; 
the measurement of current at another point of the same section would yield a tidal 
stream of approximately the same strength and phase, but in addition a markedly 
different residual current. If the density of the sample points is large enough across 
the section, one will deduce that the net flow in and out of the section during a tidal 
cycle is exactly equal to zero. But the results of the observations at a single sample 
point must be handled with caution and one cannot assume that the net residual current 
measured at the point is the same all over the section; it may simply reflect the 
horizontal and vertical inhomogeneities of the tidal flow. 


We had to accept the data obtained during the survey at their face values on 
account of the long time elapsed between the survey and our analyses and on account 


as well of the absence of Mr. C.J. Langford. 


However we have taken the freedom to correct three very obvious mistakes in 
the observations: 


(1) the frame of reference for station 73 has been rotated by 90°, 


(2) the clock time for station 74 has been advanced by 1 hour, and 
(3) the clock time for station 76 has been advanced by 2 hours. 


2. THE ANALYSES 


A current observation may be represented by a rate and a direction or by two 
components of velocity along two mutually perpendicular directions; the latter repre- 
sentation is more convenient for the purpose of analysis. 


The choice of a particular frame of reference is immaterial but the most 
rational choice consists in taking the x axis to run along the east while the y axis runs 
along the north. The data which have been supplied to us had already been decomposed 
into two components. Unfortunately the frame of reference chosen was right-handed 
(or geographical) in which standard trigonometric calculations are impossible and it 
differed for almost each station (a very unnecessary complication). We made the frame 
of reference left-handed by changing the sign of the x component. Also all the incli- 
nations and directions quoted in the results are referred to an x axis running toward 
the east, the angles being measured counterclockwise from it. The directions shown 
in the plots (see Appendices) however had to refer to the particular frame of reference 
chosen for the given station. Table 1 gives the orientation of the x axis of the particu- 
lar frame of reference chosen for a given station with respect to the east. 


Table 1 


Orientation of the Frames of Reference Chosen for the 
Various Stations at which Observations were Collected 


Orientation of the x axis of the particular frame of 


Station reference with respect to the east 
60-61-62 034° 
63-64-65 034° 
66-67-68 | 034° 
69-71 | 052° 
70 073° 
72 018° 
73 | 270° 
74 349° 


75-76 034° 


The analysis consists first in smoothing the observations taken at intervals of 
five minutes in our case. The smoothing eliminates almost completely any accidental 
error in reading or in punching which we may note here and there in the raw data shown 
in the plots under the labels X and Y. The smoothing also eliminates the high frequency 
oscillations which become very conspicuous in Minas Channel (Plots corresponding to 
stations 72, 74, 75 and 76). The smoothed data (labelled X-SM and Y-SM) can be 
sampled afterwards at the more practical time interval of one hour. 


The smoothed data are then low passed, and the results of the low passing, 
labelled X-LP and Y-LP in the plots, show the x and y components of the residual 
currents. The results of the low passing are replotted in a new set of plots (Plots 25 
to 48) which show as well the equivalent rates and directions which are physically more 
intuitive. As said already all the orientations mentioned in the plots refer to the 
particular frame of reference identified in Table 1. X-LP and Y-LP are removed from 
the smoothed data and what is left, called X-R and Y-R in the plots, is subjected to a 
harmonic analysis. 


The choice of the constituents which may be separated from a given set of 
observations depends on the number 2N+1 of these hourly observations and on the 
difference in frequency of the given pair of constituents whose separability we wish to 
investigate, according to the formula: 


g, is the frequency of the dominant constituent of the pair, in cycles per hour, ¢},,4, 
that of the smaller constituent. Strictly speaking the criterion of separability should 
be: 


but it turns out to be a bit too stringent for the type of observations that occupies us. 


Table 2 shows the pair arrangement which we have used in order to set up a 
list of the constituents which may be separated from a given set of observations. 


In the actual punched cards fed to the computer, the frequencies identify the 
constituent quoted in the above table. 


The choice of the constituents is done in the following way: the quantity 
ioe “iN is computed. If it is equal to or larger than .8, the second constituent 
of the pair is retained; if it is not, one goes to the next pair. 


We have been compelled to add Mg and M¢ to the list of constituents in order 
to represent the strong six-diurnal oscillations which are found at the stations located 
at the head of the bay. 


4 
Table 2 


Pair Arrangement for the Elaboration of a List of Constituents 
which may be Separated from a Given Set of Observations 


Eee 


o}, Fh4y Frequency 

Name Name cycles/hour 

1 ZERO M2 . 0805114007 
2 M2 Se . 0833333333 
3 So Deir . 0820235526 
4 Mo No . 0789992487 
5 No Mo : 0776894680 
6 Mo Ky . 0417807462 
% Ky 0, . 038 7306544 
8 O1 NO, . 0402685943 
9 O1 Qi . 0372185025 
10 Ky 00, . 0448308380 
i} Ky Jy . 0432928982 
12 My My . 1610228013 
13 M4 MS4 . 1638447340 
14 M4 MN, . 1595106494 
15 M4 Mg . 3220456025 
16 M4 M3 . 1207671011 
A? My, Mg . 2415342021 


The complex amplitude of the analyzable constituents is evaluated by applying 
to the sequence of observations the least square requirement: 


N n ae 
yl apoer os Shea = Min (2) 


m is the number of constituents analyzed, z(j) represents the velocity at time j which 
has been smoothed and from which the residual current has been removed. z(j) is 
represented by X-R and Y-R in the plots. a, is the complex amplitude searched for. 


Once the a,'s are obtained the constituents to be inferred are found and the 
complex amplitude of the main constituent is readjusted. For this purpose we write: 


1 
t sin(N+o.) Ww(O,-COxy-) 
Klean ® (N+5) sin 1 (OK ~ OK K) re 


and we assume 


In the above forumlas, ar stands for the undistorted complex amplitude of the 
main constituent, a,,,, the amplitude of a constituent located in the vicinity of the 
constituent k and which cannot be separated from it in the given analysis. Rij: is an 
empirical constant of proportionality obtained from a set of yearly analysis of coastal 
observations. Table 3 gives the magnitude and the phase of the Rig § which are of 
relevance in our analysis. 


Table 3 


Amplitude and Phase of the Empirical Complex Constant 
of Proportionality Ryj,.: Used for the Inference of Unanalyzable 
Constituents in the Bay of Fundy 


—SeeeeeeeeeEeEeeEoeEoEoEoeeooooooooooEoEoEoeeeeEEEEeeeEEEEEEEEEEEEEEEEEEEEEEaEaEaEeE—SSSSSESESEESSSSSSSSS 


k k! Ry! arg Ryyt 
Mo No 20 28.1° 
O1 Qi La? 224° 
K, Py 83 Fig 
So Ko [27 -.5° 
No. Vo 120 -6. 0° 


The knowledge of the mid-time allows us to calculate the corrections f, and 
wy, to the nodal modulations as well as the astronomical arguments. We write 


i (4) 
= G,.) 


a, = flax] © 
Be Ste] a | ome 1 dian 


The lengths of the semimajor and semiminor axes, M, and m,, of the con- 
stituent ellipses are then given by 


M, = [a | + [ax | 


Matis | a, | - fay | 


If m, is negative, this indicates that the current vector rotates clockwise around the 
constituent ellipse. 


(5) 


The inclination of the major axis to the x axis is given by 


photo 
O, = 5 (Gy Gy? (6) 
while the Greenwich phase lag is given by 


t Fy ~ 
B= aC. G4) (7) 


There is an ambiguity of if cycle (180°, m radians) in 6; andg,. It has no 
practical importance since only Gk and G. are actually used in the representation of 
the observations. We choose 6, to fall between O and 1/2 cycle (O and 180°, O and 
m radians) and we pick g;, to fall approximately 1 /4 cycle behind the gj, of the coastal 
observations, taking as positive the currents which move towards the head of the bay. 


The probable error on the magnitude and the phase of a given constituent is 

given by 
1 
es 


PT a (8) 


and 


1 


tC2N+1) 2 (9) 
where Ax and Ay are the root mean square deviation in the x and y directions. 


Unfortunately the true error on a given constituent is much more sensitive to 
the presence of constituents hiding in its vicinity than to the root mean square deviation. 
This can be noted for instance for the diurnals which, according to (8) and (9), are 
smaller or equal to the background noise although the values obtained are sensible and 
pretty uniform while on the other hand the actual error on So is certainly greater than 
the one indicated by (8) and (9) in view of the scatter of values whenever Ly cannot be 
isolated. We must note as well that formulas (8) and (9) are based on the assumption 
of the randomness of the errox while in fact an inspection of the actual residues, 
labelled X-ER and Y-ER in the plots, do not exhibit a random character and reflect 
rather the interference of one or more hidden constituents. 


We test the success of the technique of inference by calculating the residues 
from 


n 
2G.) 
Z¢j leet aye bale 
K=-n 


as well as from 


n rae 

t oe, sae 7 a | 

Zp a> ate KT} esr ek ke 
k=-n K'=-n! 


in some instances which are shown in Plots 1 to 24. The success of the inference 
using the assumed relationship a,,: = Ry ay! is doubtful in many instances and we 
certainly prefer a direct analysis of the constituents whenever this is feasible. 


For this purpose we have made a single analysis of all the data which were 
available at a given depth even though they were separated by atime gap. This was 
the case for the following stations: 


Stn. Depth 
61 13m 
64 25m 
65 25m 
68 25m 
71 5m 
74 25m 


In this fashion the resolution is finer and the perturbing influence of Ly on Mg and 
So is eliminated; the results are then more stable. All the data pertaining to the 
analyses are found in the Appendix. 


3. DISCUSSION OF THE RESULTS 
3.1 The Constituents 
The results of the analyses which are displayed in the latter pages of this 
report show plainly that Mo is the most important of all constituents; Mg, M4, Mg and 


Mg which become large at the head of the bay are created by Mg in order of magnitude. 


The diurnals are small all over the bay and their analysis turned out to be an 
academic exercise more than anything else. 


Table 4 gives the semimajor and semiminor axes of the constituent Mg as 
well as its Greenwich phase lag. The values in brackets result from analyses from 
which Lo could not be separated. 


Table 4 


The Results of the Analyses for Mo 


Depth 


5 or 13 Metres 25 Metres 50 Metres 
M m g M m M m g 
Station knots knots knots knots knots knots O 
60 
61 (1.78 .-.06-| 259.9) 
62 
63 
64 
65 
66 
68 
69 
70 
(a 
72 
73 
74 


75 


76 


The values listed in Table 4 are displayed graphically in Figure 1. The 
major axis is oriented along the direction given by the analysis; the length of the axis 
is proportional to the intensity of the Mo stream at this point. The cotidal lines are 
drawn at intervals of 10° of phase (—»20 minutes in time). 


Be ee 
70 
q 
a 
5) 


M2 
TIDAL STREAM 
0 2 As q 6 8 _10 Knots 


Figure 1. The major and minor axes of the Mog tidal stream ellipses as well as the 
Greenwich phase lag of the stream vector. 


We note that within the accuracy of the analysis the Mg stream is nearly 
Simultaneous over the body of the Bay; it becomes progressive in Minas Channel and in 
Cumberland Basin. There is obvious evidence of some horizontal gradients in the 
phase of the streams at the mouth of the bay. These gradients disappear farther 
inside the bay. 


The tidal streams are essentially rectilinear with a slight tendency to turn 
clockwise; the only certain counterclockwise rotation takes place at station 72. The 
minor axis of the ellipse amounts to at most 10 per cent of the major axis; most often 
it is negligibly small. The shallow water constituents such as Mg, My, Mg etc. 
increase in importance towards the head of the bay. There they become larger than 
the diurnals and are of the same order of magnitude as many semidiurnals. The plot 
of residues X-ER and Y-ER indicate that other high frequency shallow water constituents 
are present besides the ones searched for in the analyses. The short duration of the 
interval of observation prevented our investigating these constituents more closely. 


The high frequency oscillations present in the raw data for station 72 onwards 
indicate strong turbulent motion with vertical and horizontal eddies. The instantaneous 
rates may therefore at times be much larger than the smoothed rates. 


According to theory (Proudman, 1953) the streams should turn earlier near 
the bottom. Station 61 obeys this rule, but the reverse occurs for station 64. The 
peculiar bottom topography at the latter station might explain this anomaly. 
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The diurnal streams are negligibly small, and do not warrant further dis- 
cussion. 


3.2 The Residual Currents 


Plots 25 to 48 show on a magnified scale the results of the low passing. The 
scale of magnitude extends to 2 knots and one notch on the vertical scale indicates one 
knot. 


Figure 2 illustrates the mean and range of the information contained in the 
latter mentioned plots. The full arrows indicate the drifts near the surface (5, 10 or 
13 metres); the dashed arrows show the drifts at 25 or 50 metres. The length of the 
arrow is proportional to the intensity of the drift. A pair of arrows joined by an arc 
of a circle indicates that the direction of the flow varied during the interval of obser- 
vations between the directions indicated. In Minas Channel the directions were very 
steady but the intensity of the flow varied in time; the notched interval indicates 
approximately the limits within which the flow oscillated. 


We discuss first the residual currents observed in Minas Channel (stations 
72, 74, 75 and 76) which appear rather peculiar and which can lead to extravagant 
conclusions if not properly assessed. 


Ley 
i 
Jp 
| eis 
ie? ; Tete oe \ é 
be. ictal ’& Cea cot 
este 4 


es 
ras dase A 
nets BigP. + aha yrs 
yp tT sme 
4 ate ai gee 
met < Meir TS. 5 
ie PY 
Bee a Py 
| Wf 
Pe RESIDUAL CURRENTS 


——+ 5 and 13 m 
- 50m 
¢ 0 1 2 _3 Knots 


Figure 2. The direction and magnitude of the residual current plotted on a uniform 
scale. The dashed arrows pertain to the 25 or 50 m depth. Two arrows 
joined by an arc of a circle indicate that the residual current oscillated 
between the directions shown during the interval of observation. The bar 
across some arrows indicates that the current oscillated in magnitude in 
the same direction and the bar indicates the smallest magnitude of the 
current. 


Aik 


The magnitude of these currents is unbelievably large and they seem to have 
avery constant orientation. If we take them at face value, Minas Basin should have 
emptied itself centuries ago while Minas Channel would always overflow. We must 
therefore search for a more sensible explanation. 


First the outward drift of 1.5 knots at station 74 must be compensated by an 
inward drift of equal magnitude on the northern side of the narrow channel; so: 


Port Greville 


Cape Sharp 


Cape Split 


Taking M, as well as the residual current, the following velocity distribution 
will be found at flood and at ebb: 


Port Greville 


Cape Sharp 


Cape Split 


We see that the projection of Cape Split causes large inward currents in the 
northern portion of the channel on account of its impeding presence, while at ebb the 
situation is reversed: the flow is faster around Cape Split. The apparent residual 
current simply indicates the presence of horizontal gradients in a north south direction 
of the tidal flow at flood and at ebb; they have nothing to do with a true circulation. 
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If we look at the whole of Minas Channel, fortified by this observation, we 
have the following picture at flood and at ebb situations: 


FLOOD 


Cape Sharp 


Cape Split 


Cape D’Or 


Scots Bay 


The projection of Cape Split causes at all times small currents in the embay- 
ment of Scots Bay. However the currents there have a chance to be stronger at flood 
than at ebb because they are created ahead of Cape Split while at ebb, Cape Split 
deflects the main portion of the flow to the southern portion of Minas Channel. 


Similarly the encroachment of Cape d'Or causes smaller currents at flood 
than at ebb in its vicinity. 


The band of strong currents which is located approximately in the middle of 
the bed ahead of Minas Channel is deflected northward at flood and southward at ebb. 


The presence of Cape d'Or and Cape Split should cause the formation of 
appreciable horizontal eddies. We have observed the flood and ebb flows in the small 
scale model of the Bay of Fundy which is now located in the Tides and Water Levels 
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Section of the Inland Waters Branch in Ottawa. We have noted that an eddy forms past 
Cape d'Or at flood; this eddy is not stationary but it moves along the flow and it eventu- 
ally disappears in Minas Basin as the flood flow weakens. At ebb, a large eddy forms 
to the west of Cape Split in the embayment of Scots Bay. This eddy has large horizontal 
dimensions (the size of the embayment) and it does not change its position. It is then 
possible, if we believe the model, that the picture we give of the flow in Minas Channel 
is complicated by the presence of these eddies. 


The presence of an eddy at ebb in the embayment would be reflected in the 
measurement registered by a current meter at a given point close to the shore as a 
weak oscillatory current over which is superimposed a steady inward flow. This is 
exactly what has been observed at station 76. Unfortunately there is an ambiguity of 
two hours at this station. We have assumed the clock reading on the meter to be two 
hours behind the correct time in view of the coastal observations which show that the 
time of high water is approximately simultaneous between Cape d'Or and Scots Bay; 
this could not be reconciled with a delay of two hours in the maximum tidal streams. 
However a turn of the current two hours ahead at Scots Bay could be very well fitted 
with the eddy picture; thus: 


Cape Sharp 


Cape Split 


Scots Bay 


Cape D’Or 
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It is therefore too bad that we cannot ascertain whether the meter clock was 
right or two hours behind at station 76 since by now we are too far removed from the 
operational details of the survey. 


In any case however we are quite convinced that the apparent circulation 
revealed by the residual currents in Minas Channel is created by the horizontal 
gradients in the strength of the tidal flow and that it would disappear altogether without 
tidal motion. 


We note in Plot 46 that in the magnitude of the residual current at station 74, 
there are two well marked minima located approximately 14 days apart. The minima 
reflect the neap tides of the 7th and of the 21st of April, 1965. 


We have no ready explanation for the northeast drift of .3 knot observed at 
station 73 in the centre of Minas Basin (Plot 45). It may indicate a genuine counter- 
clockwise circulation in the basin or it may once again reflect the presence of hori- 
zontal gradients in the flood and ebb. 


Over the main body of the bay, stations 60 and 62 (Plots 25 and 29) indicate 
clearly an outward and an inward drift at 13 metres along the northern and the southern 
shores. The observations at station 61 (Plots 26, 27 and 28) are not as easy to in- 
terpret. At 13 metres, the drift may be directed against both shores; at 50 metres, 
the drift is definitely directed against the north shore. 


We may fit the spot observations at stations 60 to 66 by assuming the following 
circulation pattern: 


Cape Chignecto 


10 Metres or 25 Metres 
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The gyre at station 61 might shift its position in time near the surface re- 
sulting in the following pattern: 


Cape Chignecto 


10 Metres at times 


The patterns we assume agree in substance with the circulation deduced by 
Bumpus and Lauzier (1965) by observing the recovery pattern of drift bottles released 
in the bay. 


3.3 The Maximum Currents 


There being so many tales of fierce currents in the Bay of Fundy, it is good 
to sit down and evaluate soberly from the observations that are now available, the 
maximum currents that are liable to occur. 


It is not difficult to estimate the probable maximum tidal streams. We may 
safely assume that these will occur when the moon and the sun are in conjunction or 
in opposition, when they have their largest declination and when the moon is in perigee. 
Then the constituents Mg, S9, Kg and No will be in phase. The remaining small 
constituents will have random phases under average conditions and will tend to cancel 
each other. It is also preferable to ignore the shallow water constituents which tend 
to diminish the maximum values of the streams since they represent the resistance 
of the bottom to the tidal motion. We take the probable maximum tidal stream to have 
value 


My + S9 + Ko + No +A (10) 


A represents the unexplained portion of the tidal motion and it is measured by the 
root mean square deviation. 
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It is not as easy to estimate the maximum currents liable to occur at a given 
point. The wind stress and the pressure gradients create the residual currents and 
we must know the response of the bay to such forces before we may predict in detail 
these currents. At the present, the dynamics of the Bay of Fundy has not yet been 
sufficiently studied and we cannot rely on this source of information. We have to rely 
instead on the observational material. 


During the 1965 survey, the weather was calm and settled and we assume that 
the residual currents observed indicate a situation of rest and peace in the bay. We 
may set up a table of expected maximum currents under conditions of calm with some 
feeling of confidence. However we are not in a position to predict the maximum 
currents that may occur when a severe weather disturbance makes itself felt over the 
bay. Table 5 lists the maximum expected tidal streams as well as the maximum 
currents under conditions of calm. The + sign indicates inward moving currents; 

-, the reverse. + means that the current is purely periodic. 


We may note that it was new moon at 05 hours June 29, that the moon was at 
perigee at 00 hours June 30 and that it had its maximum declination at 01 hours June 
29; accordingly, near maximum tidal streams occurred at the end of June and the 
beginning of July. Similarly it was new moon at 12 hours July 28, the moon was at 
perigee at 09 hours July 28 and it had its maximum declination at 23 hours July 26. 


3.4 The Volumes Displaced by the Mg Tide 


e 


It is possible to obtain an idea of the Mo tidal streams necessary to raise by 
30 to 34 feet the levels in Minas Channel and in Minas Basin, by calculating the volume 
of water that has to be transported across a given section over half a tidal cycle. 


If at a given section, the maximum tidal stream has a speed of u, metres/ 
hour, its average value over half a tidal cycle is 2u)/Il. The volume of water trans- 
ported during the half cycle amounts to 


12 UpA 
II 


where A is the area of the cross section, since the duration of a half tidal cycle is 
six lunar hours. 


The surface of Minas Channel and Minas Basin covers about 1.63 x 109m? 
and the volume of water necessary to raise the level by about 30 feet (9.15 m) equals 


V = 14.9x 109m? 


We take the cross section at station 72 to measure 4.6 x 10°m?2 so that at 
station 72, 


Up = DV = 3.1416 x 14.9x 109m? = =_ 8.4 x 10°m/lumnar hour ~ 4.4 knots 
12A 12x4,6x 105m? hour 


which compares favourably with the observed value of 4.35 knots. 


17 


Table 5 


The Maximum Expected Tidal Streams and the Maximum 
Expected Currents under Conditions of Calm 


Depth |Tidal Stream | Max observed 
metres 


Max observed 
knots 


Current 
Time knots 


Station Time 


1/7/65 


61 29/7/65 
61 29/6/65 
62 2/7/65 5 2/7/65 
63 30/7/65 
64 1/7/65 15 GL /M/65 
64 1/7/65 «Dep ohst/ 65 
64 30/7/65 .5 30/7/65 
65 30/6/65 .5 30/6/65 
65 30/7/65 »5 30/7/65 
66 30/7/65 ~5 80/7/65 
68 30/6/65 5b 2/7/65 
68 29/7/65 -5 30/7/65 
69 28/7/65 
70 30/6/65 -5 30/6/65 
71 29/6/65 .5 29/6/65 
71 30/7/65 ~5 30/7/65 
72 1/7/65 .5 30/6/65 
72 15/7/65 .5 14/7/65 
73 3/7/65 
74 29/7/65 .5 29/7/65 
75 14/8/65 .5 14/8/65 
31/7/65 31/7/65 
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The cross section at station 74 has a value of 2.8 x 10°m* while we estimate 
the surface of Minas Basin to amount to 8.5x10°m”. The average of the Mg range in 
the basin is 34 feet (10.36 m). The volume of water necessary to bring about this 
increase in level amounts to 8.81 x 109m3; this in turn requires a maximum Mp» stream 
of 4.6 knots at station 74. The actually observed value is 3.3 knots far below the 
estimate. One must note however that the meter at this station was located at a depth 
of five metres and very close to the south shore, most likely for the practical reason 
that it was the only place where it could be safely moored. The streams are likely to 
be stronger farther away from the coast. 
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6. GLOSSARY 
Amplitude: A pure harmonic oscillation of frequency 7}; may be repre- 
ant ¢ 
sented mathematically by az,e or, less conveniently, 
by Axcos(2™ 9%, j -d,). Both a, and A; are called the 
amplitude. a, is a complex number which has magnitude A; 
and phase - q,. A; is a real number. 


Constituent: A pure harmonic oscillation of tidal origin. 


Current: The rate of displacement of fluid particles along a certain 
direction at a fixed point in space. 


Current observation: An instantaneous measurement of the current. 


Declination: The angular elevation of a celestial body above the celestial 
equator. 
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Perigee: The point at which a celestial body is closest to the earth. 
Residual current: A current observation contains the contribution of the tidal 


streams and of some other type of motion, What is left in the 
current observation, once the tidal streams are removed, is 
the residual current. Such currents may vary in time but not 
harmonically. 


Residues: What is left in a current observation after the tidal streams 
and the residual current are removed. It represents the portion 
of the current observation which escaped the analysis. 

Tidal streams: Purely periodic currents created by the tidal forces. 


7. APPENDICES 


7.1 Results of the analysis of the current observations collected during the 1965 
survey of the Bay of Fundy 


The analysis gives the length of the semimajor and semiminor axes of the 
constituent ellipses, the probable error on these values (the same for all), the incli- 
nation of the major axis to the east, the phase angles Gt and G’, the Greenwich phase 
lag g and the probable error on these quantities, all in degrees. This error is not 
given when the magnitude of the constituent is smaller than the background noise. 


The constituents to which a number is affixed have been analyzed directly. 
The constituent which follows and which does not have a number has been inferred 
from the preceding one. 


The x and y components (in the original frame of reference) of the mean 
residual current (which may have some meaning at times) denoted by x, andy,, are 
given at the bottom. We supply as well the equivalent rates and direction of this mean 
residual current, the orientation being referred this time to an axis running along the 


east. 4x and Ay are the root mean square deviations in the x and y directions of 
the original frame of reference. 


The number of hourly observations available for the analysis is denoted by 
2N+1 and is given in the heading. The mid-time which is useful for checking is also 
tabulated. 


Station 60 Depth 13 m 


Major 
knots 


1.30 


226 


Mid-time 18.5 hours 3/7/65 


Minor A 
knots 


-.15 07 


-.01 


-.00 


Kory = --40,.08 <> 41 203° 


Ax = .lh 


Ay = .1lh 
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10 hours 


2N+1=809 


Inc. 


15/6/65 to 


3..Aours 


23967 
245.7 
283.0 
754 
74.6 
324.9 
253-0 
337.8 
289 .8 
29.0 
33.0 
557 
193.0 


282.6 


27/7/65 


Ril erty 
22.9 


18.9 
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Station 61 Depth 13 m 1, hours 15/6/65 to 12 hours 1/7/65 


Mid-Time#12.5 hours 23/6/65 


2N+1=309 
Major Minor A Ine. G G g AG 
knots knots knots 0 re) fe) ° a) 
1 Mi, 1.52 -,10 —--- 49.4 246.0 276.9 261,5 ——-—- 
N, 31 -.02 49,4 217.9 248.8 233.k 
2S, lh “6 49.4 29.3 280.1 26h.7 
K, «0h -,O1 49.4 219.8 280.6 265.2 
3K, Aen -.01 25.8 h8.h 32.0 0.2 
P01 -.00 25.8 707 31.3 39.5 
4 0, 203 201 34.9 =. 2723 29.1 28.2 
Q, 00 00 34.9 = 6.7 5.8 
500 .01 ~.01 86.3 265.2 9.6 317.5 
6M .O4 02 ols 213.5 146.2 17969 
7 S, 203 ~.02 28.0 110.8 98.9 10h.9 
8M, OL -.00 Wh. 170.3 3121.) 100.7 
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Station 61 Deoth 13 m 16 hours 22/7-65 to 5 hours 21/8-65 


Mid-Time = 10.5 hours 6/8-65 


2N+1=637 

Major Minor A Ine c “a g AG 

1.62 ~s16 SSOny ” Pot 5289.7 280.5 = 266. = 
oe) ~ <0} 50a? ai2bbe3 (e326 GR S 446 
. 06 a ND 59 42 BBG BIA ode) Fee Oe 1b 50 
16 ee 57a) eiblicd . glo» Like hs coal 
a7 -.06 ER Pes ee emer eg Mame =e oe 
. 09 Soy RG ee Ge ore On nel ee ates 
- 06 01 60.6 287-5. 340.6 314.1 16.0 
03 = a0r Hah One Mees et POR NS Re 
01 -.00 eed PN: a aaene 2 hy, 29.2 = 
02 ~.01 3000 95203 salts .3 ae 
wd mel) VAG Bs wl) Bes Ola PGi alee Ones 
01 = 200 Ba? OGD engl le ols tee ta Pm 
01 = 00 45932 ahha 4.5 239.3 - 
01 01 Bligh), ge7tes30 woes Sao e = 
07 = wil ZF ua GO es, dee Bee us od then as ae a 
03 01 99 66. gl2%.%  ahteb 186.2 Goat 
07 ~ 70 6) * bee hel 90-3 13.8 
01 ~ 201 1468 s5k67-2 45.8 168.0 
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Station 61 Depth 13 m Combined Analysis of the Two Previous Sets of Data 


Mid-Timex2.22 hours 23/7/65 


2N+1 =309+4637=946 
Major Minor Ine Ga G~ g 
knots knots 

fe) fe) fe) fe) 
1™M 1.54 -.14 49.5 250.6 261.7 266.2 
2 So 20 -.02 53-7 293-0 332.5 312.8 
3 L, one -.02 56.2 92.4 136.8 114.6 
4 N, o41 -.07 Al, 5 226.0 247.0 23665 
5 ho 03 -.01 73-9 311.9 31.8 351.9 
6 Ky 04 -.01 33.4 45.0 43.7 4b 4 
7 0; 02 -.01 34.6 41.6 42.9 42.3 
8 NO, 01 -.00 Polat S10 69! 15323 2356 
9 Q 01 -.01 573 343.7 30.3 7-0 
10 00, 01 00 141.3 151.4 6.1 258.8 
ll J, O01 01 559 182.55" eeeed 24.2 
12 M, 05 -.01 59.4 133.4 184.2 158.8 
13 MS, 02 01 78.2 123.0 = 211.3 167.2 
14 MN, 205 -.02 76.9 2909 A15ee 723 


Station 61 Depth 50 m 


Major 
is 1.78 
N °36 
2 3 
S a 
— 5 
K., 04 
3K . 03 
P 0 
1 i 
O 002 
4 1 0 
2 00 
Ns 
OO 
5 1 02 
61 06 
ly 
vt) 0 
4 . 2 
8 M SOi 
x sue =eQ35.c0 <>, 
O 
ex = 14 
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14 hours 15/6/65 to 12 hours 1/7/65 


Mid-Time = 12.5 hours 23/6/65 


Minor A 
wee 2.026 
-.01 
-.04 
-.01 
- 00 
00 
-.00 
-.00 


-.01 


a1. 128° 


2N+1=309 
Trieg: 0" 
45.3 248.6 
45.3 220.5 
35.0 283.0 
35.0 283.5 
Stet O16 
2het. 50e9 
5768 40.6 
CYA wig Ger 
40.8 48.8 
55-0 30.7 
62.0 314.6 
17-5 


cate Wes 
243.1 
284.9 
285-4 
99.0 
98.3 
88.2 
65.8 
62.3 
728 


10.7 


342.2 309.2 
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Station 62 Depth 13 m 17 hours 15/6/65 to 10 hours 22/7/65 


ilid-Time = 1.5 hours 4/7/65 


2N+41=809 
Wejon “OMinor “MB  Inesalc™ an g AG 
Li 2.08 Ss2b TLOTHS 440525251 001272060. 262.2 ha 
2S, 33 -.10 47.8 193.8 285.6 299.4 ae 
K, 09 £09 47 98 +9286), 2313079202999 9.7 
31, 1d =.07 QoS eke 0a7y, 1186. 90s 28.5 7.8 
4M, 43 -.03 2 Wh 28220 60 5237 94920228 a7 1.9 
v, .10 “Son 42 SF28326 303.0243 29 sc23407 8.6 
5M, -0g 06 129708931191. 9188. err 30.0 8.6 
6K . O4 2 OF 25,925 6.62.7 19,2820 27.9809 21.2 
. .02 -.00 25 ShehS5 97.0 18.98 27.2 . 
70, 03 01 52s. 70.0 36. her 17.8 28.7 
8 NO, .01 .00 s877%832I5).9 s2edn207%9 J 
9 , 01 00 1 O07 32287 20 VERE, 0.2 = 
10 00, .02 -.00 g66oteplovie.< 8325@Wr11.3 : 
11 J, .01 00 2186S 2a 1937, W ee - 
12M, 05 - 04 179 :800189 se 0121. 980025597:08"17.2 
13 MS, 04 a ere2 £28 3002088 9.0. 4187.9809-93s1892.2 
14 Mat, Of 01 T426206827280,0 8319409995,9080-21.2 
15 i, 03 2402 L666 29T79.89. 6 85,0931 214550 +28.7 
X.s¥, =+18,-+15 2232954 
Ax = 10 


Ay = .1? 


Station 63 Depth 25m 


Major 


1.77 


x 99 =.00,-.05 <——> +05 


O 


Ax 


Ay 


ie) 


- 09 
04 


26 


Mid-Time=17.5 hours 11/7/65 


304° 


2N4+1=1123 
Ine Gi 
7 « Bia OER 
22 om 31768 
22 . Weed 318.03 
33 «3 92.0 
96 «buoys 236.6 
86.1 242.6 
HS. ee 23 ol 
39.7 47.65 
397 46.8 
29.4 gh 
173 3 349.2 
52 09 611.8 
34.9 516.5 
24.53, £$111.1 
205.3 296.4 
133.8£.89338.0 
79. 0£.98317.6 
147.5 178.8 


20 hours 16/6/65 to 15 hours 5/8/65 


Zh 
Station 64 Depth 10 m 22 hours 16/6/65 to 14 hours 17/7/65 


Mid-Time=5.5 hours 2/7/65 


2N+1=663 
Major Kinor A fiom Gn g AG 
1 4, DPD U+ M2, Se *s¥.2 PBotno 2 v6623,. Bese 335 
2 8, ne 02 Fh7 « 300.8 M9823, B90 206 
K, .08 00 Pore 301.32 Soa w Sood 9s 
aS, £05 LO2 Bis, 6 32060, @c0rs,) Mx.7 16.0 
4X, 625 i 01 18.5 2378 Ssauh. 9 Bese Az 
Ue 06 -.00 41.8 243.8 259.4 251.6 LaF 
5 £07 -.01 135.1 161.5 B27.5 C6206 1s 
6K, 05 00 JOR. 0 4207,.9004540,9 Bhav9 16.0 
i .02 00 3662.0 4220 \O0ha Laer 4001 
7 0, .03 -.01 21ka. y 78s estwest,|. 165.3 26.4 
8 NO, 02 .00 17084. & 32269, ORHOs6 4 WOls3 40.1 
94, .01 -00 LNSG6. < 24855 90021126 0.0 
10 CO, .02 -.00 165504: 20006. 15aenie (20a5 40.1 
li J, .02 .00 1696.9 348s7.4 25806, 30362 40.1 
12 M, Ale =20% 158.0 190.2 78.9 314.6 6.7 
13 MS . 03 ~.02 13036. 6" 24539 7950.5 342%2 26.4 
14 2 .02 01 SBeGim 1h6v0.1-195—0.5 1705 40.1 
15 M, 01 2508 17642. 17766.§ 10Re06 13948 7 


ie) 
XV ter 229-204 <> .22 224 


Ax = -10 


Ay a 08 


~ 
ze 
P| 


Station 64 Depth 25 m 


28 


22 hours 16/6/65 to 22 hours 6/7/65 


hid-Time= 21.5 hours 26/6/65 


hiinor 


-.0l 


-.00 


02 


- 00 


00 


00 


-.00 


-.00C 


-00 


-.02 


A 


12016 


200 


30263 
1d 5's 3 
64.5 


180.1 


AG 


Station 64 Depth 25 m 


Mayor 
1 My 1.92 
2 95 32 
K 20 
eae ? 
3 i 18 
4 WN ° 
3 35 
05 
U5 
08 
5, 
6 K » O4 
1 
P 02 
1 
@) OY 
1 
8 NO £01 
tM 
9 ony Ol 
20 
10 00, i 
LixJ 01 
i 
12M 06 
1 
13 MS 202 
s, .1 eUzZ 
? 8 


Minor 


- 03 


- 02: 


-.01 


- 00 


2 Ol 


- 00 


-.01 


-.00 


-.00 


-.00 


- 00 


-.00 


- 00 


- 00 


-.02 


-.02 


- 00 


- 00 


29 


Mid-Time 13.5 hours 6/8/65 


A 


*,008 


2N+1=687 
Ine 6” 
A7MDR 26680 
38.8 309.8 
76068" 31003 
41.5 106.3 
agfae! 24158 
33.0f 247.8 
Doree! 31107 
38.0 50.8 
99208 5081 
38298" 428 
62.8 269.0 
34.5 34.8 
60.3. 151.0 
16822 122.4 
61.9 86.4 
2606') 172.6 
Sal 43.1 
el ennts 5.5 


18 hours 21/7/65 to 10 hours 22/8/65 


g AG 
2aiene =e 
Slate 1.4 
915.20" 5.0 
113.808 2.5 
240.9el 1.3 
246.9. 567 
118s60h 5.7 

54.8 M12. 5 

54.1 22.9 

46.0 11.5 
297289? = 

35.4 - 

a (so = 
7206 = 
LE BS Fb 
177. R29 
64.8515 
148.6 22.9 


30 
Station 64 Depth 25 m Combined Analysis of the Two Previous Sets of Data 
Mid-Time=10.40 hours 22/7/65 


Major Minor Inc. G* G~ g 
knots knots 

f) o o ) 
1M, 1.88 — .02 36.4 269.1 274.0 27166 
2 So 28 -.01 38.7 318.2 ** 32766 Deeed 
3 L, S16 -.01 41.9 105.7)" 12866 113.7 
4 No 41 00 36.6 241.6 244.9 243.3 
5 KM» 06 -.02 255 313.8 296.8 2253 
6 K, 05 - 00 41.2 56.2 70.7 63.5 
7 0) O04 -.00 40.8 45.6 59.1 52.4 
8 NO, 01 -.00 65.35 267 «5 «0322.0 294.8 
9 Q -O1 -.00 49.1 11.9 42.1 27.0 
10 00, - 00 - 00 3665 131.8) -*136.8 134.3 
ll Jj 01 -.00 138.0 138.0 345.9 62.0 
12 M, 07 -.01 55.2 90.4 132.7 111.6 
13 MSjp irs0l ¢.ces01 HGS 139.7 157.0 DAB.4 
14 MN, .03 -00 76.8 35-3 ©=6 12049 78.1 


15 Mg 01 - 00 31.2 155.0 149.3 152.2 


31 
Station 65 Depth 25m 8 hours 17/6/65 to 10 hours 4/7/65 


Mid-Time= 20.5 hours 25/6/65 


2N+1=337 
Vajor Minor © A-oClIne |G” al : AG 
1M, 2.35 SyOis O25 0168 06 30.1080 268... ~260.60ea64.5 «= + 
Ny 47 =208 30.1 240.99 -232.50%+236.4 2.0 
2 8, 33 .00 31. PO 301, eras. sesigty = 3.8 
K, 09 00 31. 2972921. 7803916.00CRIgR9 «= «12,8 
3K, Ol .00 330 PROE 35. 803.035.000NF 25.3 23.8 
2 01 .00 33. eee 5h OUIU.S4. 3D GING = § 
4 0, 03 -~.00 97. 1226.35, GROG 0. HO MR 2 33.6 
a, - 00 -.00 3764 1.4 8.2 4.8 0 = 
5 00, 01 -.00 47). 2h B43. 90 eR62.4908258.2. = 
6M, . 06 -.03 25. 456~815.602.98.30G9e780 = 
7 MS, 02 =O 29.708 2121.2RP1a 2. SOON .9 | 8 
8M, 02 02 0.99 M293. fae ea? 1 OaSOL2 = 


x 7X =.06,-. 05 —> 08 35h. 
ey The, 


Ax =e12 


Ay = 03 


Station 65 Depth 25 


10 


Minor 
-.05 
-.01 
-.01 
-.00 
- 00 
- 00 
J08 
200 
200 
O04 
OL 


OL 


32 


21 hours 21/7/65 to 9 hours 6/7/65 


Mid-Time=14.5 hours 29/7/65 


A 


1.026 


2N+1=299 

Ine. a? @. 

30.9 269.4 
30.9; .2hi.¢ 
32.4 56.4 
32.4 56.9 
35.4106 Web 
35.4 16.9 
95.8 374 26.0 
35.8 3.8 
19.4 us 73.2 
eG 74.8 
81.6 158.9 
32.6 145.0 


G 
253.69 
23542 
5361 
53-6 
20.4 
197 
29.8 
74 
43.8 
10.1 
254.1 


142.2 


& 
266-4 


238.3 
54.8 
55 «3 
19.0 
18.293 
28.0 

6 a6 
585 
42.5 

206.5 

143.6 


33 
Station 65 Depth 25 Combined Analysis of the Tw Previous Sets of Data 
Mid=time=17.30 hours 11/7/65 


2N+193374299 6 36 

Ma jor Minor inc a” G g 

knots knots ° ° ° © 
1M, 2.17 ~ Oh 30.5 269.2 262.2 265.67 
2 S5 eel 200 30.0 321.6 312.6 317.6 
3 Le 012 -.01 2769 105.9 93.6 99.6 
LN, le ~.02 31624 256.3 250.8 257.6 
SEM 5 5 edi 202 31.0 226.7 220.8 43.8 
6K, 0 -.00 30 Heth 6.7, Sat 51:1. 
70,  .03 -.00 L706 2hel. S02 3731 
6 NO, .01 -.C0 163.3 56.0 322.7 16), 4 
9Q, 01 -.00 L77s9Ms 48.6 336k 12,5 
10 00_ .00 200 1195695 17.2 288.4 202 .8 
17.402 -.00 39.3 98.8 209.5 20h, .2 
12M, .06 01 176.4 125.9 50.8 88.1 
13 MS, Ol Ol 702 12977 16.2 102.9 
1h on 005 04 226,60. °12,0 180.5 95 8 


34 
Station 66 Depth 25 m 8 hours 20/7/65 to 8 hours 4/8/65 


Mid-Time=19.5 hours 27/7/65 


2N+1=287 
Major Minor A Tee is Gn g AG 
Lynt, 1.61 =.0%e ~2022—@ 37h, @ 25604 secebRes, e25065 Biel 
i, a2 artsy 37h, 6 22853, 9.23425.2 23004 Te 
28, Gal. = #08 39 hoe 35363 3.5 358.4 4.2 
K, . 08 3 al 39 done 3538 40 3989 281825 
aK, .O4 ~.00 Slates 6142.409569_» 826,01 292 
Ee 01 -.00 Slut op 6035 6095.2 > ited 1 
0, 03 -.00 51.42, b¢ 328 00 36d. adhe? oi 28 
a, 01 -.00 51 ih 9 305-6 OGHO.% ', 32363 = 
5 00, 02 .00 34.5 158.5 159-4 159.0 : 
6M, it 07 BSCE RE 56c MAG4sG » 11005 O18 
7 US 04 01 PUGS L180 oh: DOG? 1 2hvd oO 1 
8M 02 4.08 36.9 180.2 65.9 303.1 i 


Ax =el4 


Station 68 Denth 25 m 


35 


10 hours 


18/6/65 to 12 


tid-Time=10.5 hours 26/6/65 


Major Minor 
1 a 1.70 - 06 
Ny 034 ROL 
2 S, 33 - 03 
- «09 -.01 
3 . - 04 Ol 
a -O1 00 
4 0, - 03 -.01 
2 00 -.00 
S 00, 02 -.90 
6 M,, o14 -.02 
7 MS, 04 -01 
8 Me 05 00 


eit 2 06, 208 <> .09 


Kx = AGI: 


Ay = 503 


2N+1=313 


A 


* 1017 


hours 4/7/65 


g AG 
260.6 LY, 
Fass Fa 365 
326.0 3.6 
326.5 13.5 

40.5 26.6 
39 8 - 

50.0 - 

2766 ~ 
27565 - 
bei aig 9 2 


36 
Station 68 Depth 25 12 hours 21/7/65 to 12 hours 5/8/65 


Mid-Time = 23.4 hours 28/7/65 


2N+1=287 
Major Minor 4 Ine. om es g AG 
1M, 1.70 cos pivoa. jNols 6578 Apra7o.Byemess.3 Tig BS 
‘p, 34 .01 fogs  22829.7. mapel2.7aGh.236.2 B.ys.8 
2 8, 335. gina S75 1 350536 40 OM ehl9 <1 Se 2 
K, $87. meNho 9715) 350681 23.1 19615 s51569 
3K, BG). wae 4780, $6233 68.4 W665. 5 Pe aoee 
E 2 HOO a7bon 66186 7.7 waRoNer ie ae 
4 0, G5. mel 26.6 4602 27.3 36 1800 Wag oa? 
a, CO. we BHO 24.6 2348 4.9 1h eS ce 
5 00, io, eGo ge) 196183 aad. B05.0. 0 ae 
6M, Lig. 2hB0 ero’ $640 | A6R169.819be517-0 74 
7 MS a 60.2 222.6 275.1 248.9 292 
8M, "03 «x02 $529» 129226 276.592) 284.6 2 
xoR yen 02, 092 08-25 11280 173 
Ax = 16 


- 03 


37 
Station 68 Depth 25 m Combined Analysis of the Two Previous Sets of Data 


MideTime= .08 hours 12/7/65 


2N+1"313+287=600 

Me jor Minor Inc, a e g 

knots knots ° ° ° ° 
1M, 1.68 507 39.5 259.7 270.7 265 22 
28, 21 -.01 39,0 (30750 317.0 312.0 
3 L, elk 000 3302 82.9 61.1, 8252 
LN, 63h -.01 Lh.6) 22351 2hb.3 23367 
5 Ky 209 200 40.7 26125 271.8 88.2 
6K, 0h OL 24.6 38.5 19.7 29.1 
70, 03 -.00 21.5 3338: 835 21230 
8 NO, 03 -.0l 23,0° 235507 183.7 134.7 
9Q, al -.01 37.4 5.2 52.1 48.7 
10 00, .O1 -,00 111.5 330.5 125.6 223.1 
lJ, .0 -.O1 11.1 143.6 95.7 118.7 
12M, 12 -.02 h.6 125.7 147.0 136.4 
13 MS), .02 Ol 84.2 152.9 253.3 203.1 
Wy MN) 07 Ol 41.1 83.8 98.0 90.9 


15 M, 202 -,01 472,39.) 229 276.4 139.2 


Station 69 Depth 


2,4 3¥ ae 2, 03 <-F 02 
oj 0, 


age a 


Ay 


18 
- 06 


Ma jor 
1.92 
- 38 
«24 
-07 
06 
02 
02 
00 
- 03 
ee, 
OL 


- 04 


10 m 


38 


15 hours 20/7/65 to 15 hours 4/8/65 


wid-Time=2.5 hours 28/7/65 


luinor 
-.02 


-.90 


60° 


2N4+1 =287 


A 


+028 


Inc. 
50.6 
50.5 
5502 
552 
45.0 
45.0 
58.0 
58.0 
43.0 
56.0 
93 4 
184.9 


108.9 
106.6 
261.9 
142.4 


94.3 
71.9 


90.8 


114.5 
344.7 


2842 


Stationc70c Depth 5 


Najor 
2.84 


257 


Minor 


3.03 
Ol 
02 
01 
Ol 
- 00 
~O1 
- OO 
«00 
fll 
202 
04 
- 00 


204 


Mid-Time=22.5 hours 26/6/65 


A 


* £038 


39 


13 hours 


2N+1=3 


18/6/65 to 9 


31 


hours 5/7/65 


333-1 


27.3 


LOM 


x 9 =.12,-.09 <>,15 
2 cach 2 


A x= 


Ay= 


Sou 
m8 i 


Station 71 Denth 5m 


Major 

2.44 
249 
40 
oll 
205 


202 


Minor 


-.06 


40 


16 hours 18/6/65 to 12 


Mid-Time=1.5 hours 27/6/65 


A 


+. 042 


357° 


2N+1=331 
Ine. qt 
41.3 274.8 
4E.35 | (246.7 
45.1 337.2 
45.1 337-7 
— 48.5 S600 
48.5 56.0 
5624) 58.0 
56.4 35.6 
95.4 271.8 
43.9 161.7 
62.80 173.5 
35.98 196.2 
46.8 78.3 
29.8 251.9 


hours 5/7/65 


.11,-/12<> 16. © 347 


°39 


ad. 


41 


Station 71 Depth 5 m 8 hours 21/7/65 to 8 hours 9/8/65 


iid-Time = 19.5 hours 30/7/65 


2i41=383 

Major Minor a Ine. ie ca g 

2.18 -.10 7.051 40.0 262.5 258.6 270.6 
44 ~.02 40.0 254.4 230.5 242.5 
abs 01 26Parw 355.5 304.9 25.3302 
04 00 260M 356.0 00.9305.4 80.330.7 
.03 5.0% 57.7 349.0 5. Neos .6 
.01 -.00 a7 eae 348.3 359.8 Pashat 
.02 -.00 64.4 334.2 359.0 346.6 
.00 -.00 64.4 311.8 536.6 Was2i 
.01 00 119508" 138.8 270.8 204.8 
28 ~.06 41.0 200.0 177.9 189.0 
-02 -02 93." 203.7 286.4 245.1 
05 ~.03 165.0 301.8 167.9 54.9 
£03 530% L6eee® 71.5 60.2 65.9 
30 ~f02 338008 293.1 255.1 WS27hJe 


O 


9.6 


42 
Station 71 Depth 5 m Combined Analysis of the Two Frevious Sets of Data 


Mid=Time#.00 hours 15/7/65 


2N4+1*331+383=71y 

Major  Minor= Ince G ig g 

kncts knots fe) ‘e) (9) fe) 
1M, 2.26 ~.08 WOshdas 279.8 Sigel 268.5 
2 s. o31 -.00 38s6a5 33768 2d B2h.5 
SL, 17 CO 37.4 125.8 96.7 111.3 
h No oS -.02 39,3 262.2 236.8 219.5 
5H satel? | eat-Ol 43.5 228.8 211.7 220.3 
6 KyvoleOh 5 pe eeott 58.0 19.6 31.6 25.6 
70, 402 -.00 95.7 32.4 69.8 26.1 
8 NO. .02 -,00 18.6 148.4 81.6 115.0 
9Q) Ol 200 7.6 115.3 26.6 71.0 
10 00, -01 -.00 150.0 185.3 21.2 283.3 
1l J, .0 200 22.3 96.0 36.7 66 ol 
12M .20 -.04 h0.55 191.4 168.4 179.9 
13 MS, .03 Ol 59.1 174.6 188.8 181.7 
1h MN, .10 -.03 530k 148.3 \.251.0 119.7 
15 Me 203 -.02 16.9% 235.9 165.6 200,8 
16 Mz 03 -.00 46.0 79.9 67,8 7329 


Wr 


x 


O 


M 
6 


9 = 023g 02h <> ee 


A Xe L.2 


Ay-.10 


station 72 \ Devth'25 ‘m 


Major 

4.35 
~87 
~62 
Yi 
- 08 
-03 
- 06 
01 
~ 02 
wad 
- 08 
- O4 
03 
15 


Minor 


O 


43 


12 hours 


17/6/65 to 8 hours 


Mid-lime=9.5 hours 25/6/65 


2N+1=307 
Inc. q* 
16.0 274.3 
18.0. 246.2 
eee 19.2 
i ee ee Ber 
31.4 42.9 
31.4 42.2 
40.8 28.9 
40.8 Ons 
BO.) 9) 220in2 
90.9 291.0 
$76.5 326.6 
6e2 47.3 
175.2, 350-1 
A (ms ei ges 


3/7/65 


Zeek 


Station 72 


Major 

1 M 434 
N 087 

2 ap 78 
y e21 

3 _ -07 
FP - 03 
Ly 4 05 
a, 02 

5 01 
6 hy 023 
7 MS 08 
8 Me ~ 05 
9 My 02 
10 M ig 


x 39 =e24,-015 <> 028 
Oo 


Ax = 40 


Ay = 09 


Minor 


5) 
«05 
- 03 
Ol 
°Ol 
00 
-O1 
00 
-.00 
21 
005 
-.O1 


- 00 


Depth 25 m 


44 


2N41=3 05 


48.8 


Mid-Time=11.5 hours 12/7/65 


289.0 
289.5 
459 
45.2 
76.3 
539 
327 9 
439 
47.5 
ee <) 
119.9 
79 1 


15 hours 4/7/65 to 8 hours 


20/7/65 


Station 72 Depth 25 m Combined Analysis of the two Previ-us Sets of Data 


Major 
knots 


45 


Mid-Time=21,83 hours 3/7/65 


Minor 
knots 


2N+1=307+305=612 
Tee 
0 ° 
281 9 27829 
13.8 322.49 
2.1  ,lge.0 
22.5 .258.6 
LO.1 =p 20256 
2542 53.6 
3205 30,0 
€7.0 6.2 
16.8 9lg1vs 
15307 390n2 
159.1 177k 
50.5 309 09 
11563 43551 
120.5 280.0 
45.8 23.k4 
Med Gols 
39.0 347.5 


Station 73— Devth 


46 
10 m 16 hours 17/6/65 to 15 hours 23/7/65 


Mid-Time=15.5 hours 5/7/65 


N+1=791 
Minor A "ane. Gg” +i g 
EL 03"* 28015 “1003 109.2 “ot roe 
oF 0 10.7 203.3 ©? 8h, ©" 588.0 
-.00 10.7 3 8 Ss bane ="! Sires 
meet 9 BOO. = ee 81.3 
03 P22 76.2 Ieee 
01 1 2 HO2.7 OT, cone 
sd i 16.8 mi. Soe OSes 
.00 14.2 303.4 151.8 47.6 
00 14.2 G02.7 9 "15124 46.9 
-~.00 16.4 291.5 “FHA 3729 
00 4.9 te4,.2 139 279.1 
-.00 111.6 152.9 2276eo 154.6 
00 20.6 158.3. 19.4 268.9 
.00 20.1 224.8 86.2 335.5 
rae 204 AG? «29805, 129e8 
OY61 14.0 7.2 heen lee 
Bir T.3 09.3. 231.9 Ite 
<0 ie eel Osteo 
00 5.2 9 191.3 96.1 
.01 15.2 241.0 - 92.3. Stew 


Station 74 Denth 5 m 


Najor 


229 


Minor 


-223 
-.03 


-.01 


aie 


es 


-.10 
-.06 
-.05 

Ol 
-.O1 


-.10 


iG, —<37 +> 1.51 


~24 


are 


47 


13 houzs 


hid-Time 10.5 hours 


A 


* 029 


2N+1=643 
Inc ge: 
168-8 288.6 
L(t 2 338.5 
1732 potest 
164.6 117.4 
LOB. 5 259 22 
168.5 265.3 
Thee 2 g303 25 
170.0 46.9 
170.0 46.2 
164.5 42.7 
152.9 11.6 
ie? 9953.1 
P2IRO 37157052 
122.8 163.8 
eat O77 
se 164.8 
6.2 5742 
Pigs 0 2952 
76.9 267.4 
164.7 


26/7/65 to 9 hours 25/8/65 
10/8/65 


10 Me 


x 7 = =261, 032 Sar: 70 187 
10) 


AS 


Ay 


O 


032 
06 


48 


Station 75 Depth 10 m 10 hours 8/8/65 to 10 hours 


Mid-Time = 21.5 hours 15/8/65. 


2N+1=287 

Major Minor A ‘Ine. qi 

2.97 05 Ss Saqys Sap 287.8 281.8 
259 01 31.0 259.  2heW 
80 01 31.1 348.5 ° 342.7 
222 . 00 31.1 349.0 343.2 
07 .00 30.9 81.9 756 
02 . 00 30.9 81.2 7469 
06 00 22.6 78.6 55.8 
202 00 22.6 5On a 33.4 
«Ol 00 45.2 304.4 326.9 
24 -03 178.4 121.4 50.2 
182 .he.00 174.8 202.(0).- 1.23.0 
04 402 31.6 2lt1 oR)»; 236.6 
05 01 31.9 32.4 28.2 
015 04 38.1 19.5 27.8 


23/8/65 
g AG 
284.8 = 9 
256.7 45 
345.6 3 3 
3h6el “Ez 
78.8 38.4 
Woal & 
67-2 47.6 
Ly, 8 - 
315-7 fe 
85.8. lies 
162.8 — 2732 
258.0 Sie 
30.3 = 
23ef | Lites 


49 
Station 76 Depth 10m _ 20 hours 29/7/65 to 8 hours 21/8/65 


Mid-Time = 1.5 hours 10/8/65 


26 
.09 


2N41=467 

Major Minor A Inc. cal om g AG 

1.49 Fda ~32K baBOwle-X c@BwPed 22920001tI280d6 o1s-s3 
£30 -.02 BE 1258.0" | 62,8 260.5 Bolt 
228 a ie ole eon eee | 629 
08 =a TONG A OOME hic RCL Mee NC 
.03 00 59.62. ocit 2B8vi i108 3BLBiaoBIBWH vod 
.01 00 eee me) PCAN VN 9 ey ee 
.03 .00 So FUCA SOI ey RC a 3s ec RE 
.01 .00 moan ab J0$3 Jm0owEg 89% nese. os 
01 .00 PgGert tak eiir-whaiubd of 28 adol® ~ 
3h 01 76.5 7S Pata Pv ie ek fey a 
“15 .01 66.7 0 mame ey mam: ae am) 
.07 ~.01 7 ae amma: Py mmc | alia Pe: 
O01 00 py 37.5 Bsa Bae 
20 04 ays AXSH.0). (15455 (Ulyea 5 2933 

Peele wean 95° 


50 
7.2 Plots 


Plots 1 to 24 show first the x and y components of the current observations 
taken at intervals of five minutes; these are labelled by X and Y in the diagrams. 
X-SM and Y-SM are the plots of the smoothed x and y components sampled at intervals 
of one hour. 


X-LP and Y-LP are the low passes of the smoothed x and y sequences. X-R 
and Y-R are the differences between X-SM and X-LP, and Y-SM and Y-LP; X-R and 
Y-R are the quantities subjected to a harmonic analysis. 


X-PR and Y-PR represent the functions fitted to X-R and Y-R with the help 
of the least squares to which there have been added X-LP and Y-LP. 


X-ER and Y-ER are the differences between X-SM and X-PR, and Y-SM and 
Y-PR; they represent the portion of the observations which escaped the analysis. 


For short sequences of observations there are marked oscillations in X-ER 
and Y-ER which are due to the presence of some unanalyzable constituents such as 
No. In this case X-ER and Y-ER are evaluated anew after the hidden constituents 
have been inferred and a second plot is shown for the same set of data. 


Plots 25 to 48 show the magnitude and direction as well as the x and y 
components of the. residual current (low pass). The direction is with respect to the 
original frame of reference whose orientations are given in Table 1. 
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Abstract 


A series of oceanographic observations from ice cover and from shipboard in 
Tuktoyaktuk Harbour are described. A coarse winter energy budget of the water with 
and without ice cover is examined. Water exchange due to estuarine and tidal mecha- 
nisms is suggested and the significance of conditions in the seaward approach discussed, 
A model of the influence of the tidal mechanism is developed and given quantitative 
consideration. 


INTRODUCTION 


The author will describe certain major features of oceanographic data obtained 
in and adjacent to Tuktoyaktuk Harbour in 1962 and 1963. The observations were made 
relative to the operation of an air bubbler system in the harbour during the winter; part 
of the data have been reported by Kelly (1967). Dick (1961) described the bubbler instal- 
lation and Ince (1962) described the winter environment in the water of Tuktoyaktuk 
Harbour and some of the more important factors which determine the property distribu- 
tions there. 

Early in the work, the author was interested in examining the energy budget of 
the harbour water and how far the influence of the bubbler might be observed there. 
Subsequently, and after the gross features of the budget had been established, interest 
centred on the observed change of salinity during the period of ice cover and the probable 
relation of this change to a tidal influence. As mentioned in a later section a similar 
influence is believed to have been detected in observations made in the vicinity of Fury 
and Hecla Strait in 1960. Other examples have not been found in the literature, although 
it seems certain that the effect occurs elsewhere and likely leads to significant varia- 
tions in those areas. Possibly the mechanism is best observed in the Arctic and per- 
haps in the vicinity of northern Foxe Basin and the Mackenzie River. 

A description of the harbour and approaches is available in the Pilots (Canada. 
Dept. Mines and Tech. Surv.; 1958, 1961) and detailed depth information is available 
for much of the harbour in charts of the Canadian Hydrographic Service, although a por- 
tion has not yet been surveyed. Considerable oceanographic data were obtained in 1952 
in the seaward approach to the harbour and these have been discussed (Cameron, 1953). 

The harbour (Figure 1) is on the eastern edge of the delta of the Mackenzie 
River (Mackay, 1963). It is about 6.5 km long and up to 1.8 km wide. Over much of 
the length of the harbour, depths in excess of 10m are frequent; less frequent are depths 
to 20m and these occur in relatively small isolated depressions. The maximum depth 
is about 26m and a limiting depth of about 4m exists in Kugmallit Bay close to Eastern 
Entrance. In Kugmallit Bay the depth does not attain 6m (19.7 feet) within a distance 
seaward of the harbour of 22 km. 

The normal range of the tide, which was described as semidiurnal (Dohler, 
1964), is about 0.4m. Local wind effects can lead apparently to long stands at a high 
or low water, particularly during the ice-free season which extends from the end of June 
to early October. 

Surface runoff into the harbour during the spring and summer is believed to be 
Significant but has not been quantitatively assessed; winter runoff is not likely signifi- 
cant. Direct current data observed by Ince (1962, his Figure 10) indicate that in East- 
ern Entrance maximum speeds of 24 cm sec-l can occur. With his data and an estimate 
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Figure l(c). Number and location of positions occupied from ice 
cover during Phase I (1), Phase II (2), Phase III (inset 3) and Phase 
IV (4) and from MV "Richardson" (5). 


of the volume required each tide to raise the level, it may be shown that the water move- 
ment in Western Entrance is in phase with that in Eastern Entrance. With an rms value 
of 15 cm sec™! the excursion each tide is determined to be about 3400 m. 

Tuktoyaktuk lies within the permafrost region of Canada (Brown, 1966) but data 
on the distribution of temperature in the ground are not available. As sea level there 
has not been at a higher level for many thousands of years a relatively deep permafrost 
may be anticipated (J. Ross Mackay, personal communication). It is recognized that 
bodies of water which remain unfrozen at depth markedly influence permafrost distribu- 
tions in their vicinity (Lachenbruch, 1957; Brown, et al. , 1964); they constitute relatively 
warm regions at the surface of the ground and consequently contribute heat to the ground 
which is eventually given off to the atmosphere. The temperature in the harbour sub- 
bottom would be similar to that in the harbour water so that during part of a year some 
unfrozen ground (ground warmer than 0°C) would occur, perhaps to some well-defined 
horizon, Under these circumstances a contribution of ground water to the harbour 
might occur but is not likely sufficient to cause a recognizable change in the salinity 
distribution there. 


REVIEW 


Cameron (1953) studied oceanographic data obtained in 1952 and showed that a 
marked change occurred in the distribution of temperature and salinity seaward of 
Kugmallit Bay. He related the change to the interaction between the fresh water dis- 
charged from the Mackenzie River and the wind. Ince (1962)* indicated that under the 
ice cover in Kugmallit Bay the water "is practically fresh Mackenzie water" and he 
associated the condition directly to the mechanism described by Cameron. The descrip- 
tion of events obtained from local residents (Ince, 1962) suggests that the mechanism 
likely occurs every year. The essential feature of the mechanism is an offshore trans- 
port of surface water which occurs as a secondary effect of an easterly wind in the 
absence of ice cover. Because of this transport in late August 1952 the surface salinity 
in Kugmallit Bay exceeded 30°/o. and the distribution of density in a seaward section 
indicated an upwelling condition close to the coast. Earlier in August an accumulation 
of low-salinity water in Kugmallit Bay was indicated. Thus the combined works of 
Cameron (1953) and Ince (1962) indicate the existence of an extensive accumulation of 
fresh water in Kugmallit Bay in spring which decreases markedly during the summer. 

In spring a remarkable stratification was observed within the harbour under 
the ice cover (Ince, 1962 his Figure 12; and Figure 4 here). This comprised a fresh- 
water layer about 6m thick overlying another in which the salinity exceeded 30° /oo. 

The temperature in the fresh-water layer was close to the freezing point and in the 
deeper high-salinity layer it was about -0.5°C. A well-defined inversion of tempera- 
ture to 0.3°C occurred in the intense salinity gradient (halocline) between the two layers. 
Somewhat higher temperatures were observed at locations within the harbour where 
some isolation due to internal sills occurred. Ince (1962) suggested that the distribu- 
tions in these areas represented conditions which existed in the harbour at freeze-up. 
Also, and because of the successful operation of the bubbler system during the winter, 
he theorized that the halocline was shallower during that time. 


*The temperature and salinity data described by Ince (1962) were observed during the 
period April 27 - May 6, 1962 and are listed here in Table I. 


The data to be discussed indicate that the latter situation actually occurred but 
in the discussion this is not attributed to the influence of the bubbler, although it is 
suggested that the salinity of the surface layer close to the bubbler site during the 1962- 
63 winter may reflect such influence. The energy budget estimates of a later section 
indicate that changes in the environment due to the bubbler need not be measurable by 
the techniques used. In these estimates it was assumed that the loss of heat at the 
bubbler site comprised sensible heat only and was not met through formation of frazil 
ice or other effect. One such effect was described by Pounder (1961) in discussing the 
influence of salinity gradients (his page 42) where he remarked, ''the water column ... 
could melt sufficient ice to reduce its mean salinity to 32°/o0 without change of tempera- 
ture."" It was then estimated that 9.09cm of water equivalent of ice could be melted. 
The heat * required for this, 500 g cal cm~2 , would be derived from a system which 
started at -1.72°C and ended at -1.72°C without additional source of heat. 

Of course there is an error. It lies in the part sentence quoted above, the 
statement therein being false. It seems to have been derived from the observation that 
the freezing point of the column would be reduced by 0.05C° on mixing. The result 
would be a salinity throughout of 33°/o0 at a temperature of -1.72°C. Then followed 
the calculation of the amount of ice which when melted would reduce the salinity of the 
column to 32°/oo still at -1.72°C. But this could only be accomplished were there a 
heat input from an external source to cause the ice to melt. 


DESCRIPTION OF THE DATA 


Remarks concerning the data 


The extent of the data described here is shown in Table I and the locations at 
which stations were occupied are shown in Figure l(c). With the exception of the data 
obtained in the MV "Richardson" of the Canadian Hydrographic Service the observations 
were obtained from ice cover by the National Research Council of Canada. Three 
phases (I, II, and IV) of the latter program represent periods of relatively intense field 
activity by NRC staff from Ottawa. To a degree the detail of the program of observa- 
tions represents an attempt to test various items of equipment in the Arctic environ- 
ment but, as it was recognized relatively early in the program that the conventional 
techniques and instruments used would allow only a gross evaluation of the environment, 
at least in relation to the influence of the bubbler, no serious instrument trials were 
completed. The decision was partly influenced by the conclusions reached from a bud- 
get study, reported briefly in later section, to the effect that ample sensible heat existed 
in the harbour to meet the loss at the bubbler site. 

Three methods were used to obtain the salinity data; these were: 


(1) reversing bottles and laboratory determination after sample storage, 
(2) portable conductive meter and hand-lowered cell, and 
(3) portable inductive meter and hand-lowered cell. 


*Assuming the ice to be at the freezing point and taking the latent heat as 55 cal gmt 
(Pounder, 1961 p. 45) then the heat required is equal to the water equivalent of ice 
(9.09) times the latent heat (55) and is 500 g cal. 


Table I (a) 


A listing of the data indicating the date observed and a brief description. Most of the 
observations, Phases I to IV, were carried out from ice cover by personnel of the 
National Research Council of Canada, the observations in summer in the motor vessel 
"Richardson" of the Canadian Hydrographic Service. The approximate location of the 
stations occupied may be obtained from Figure 1 which is a modification of that in the 
data report (Kelly, 1967). 


Phase I April 27 - May 6, 1962; temperature and some salinity data; 
previously described by Ince (1962). 109 consec numbers in 
all. 

Phase II Nov. 26 - Dec. 9, 1963; temperature and salinity. 81 consec 
numbers. 

Phase III Dec. 14, 1962 - May 1, 1968; serial salinity and BT lowerings 
weekly at two locations. 29 consec numbers. 

Phase IV May 2-5, 1963; temperature and salinity. 63 consec numbers. 

"Richardson" July 26 - Sept. 16, 1963; serial salinity and BT lowerings. 


47 consec numbers. 


Relatively large differences exist in this material particularly during Phase IV and 
appear mainly between the conductive meter on one hand and the inductive meter and 
sampling bottles on the other. It did not appear possible to determine the nature of 
these differences but it is believed that they are not significant to the work as it is pre- 
sented here. 

The quality of the tabulated temperatures in the data report (Kelly, 1967) ap- 
pears to be good but it has not been possible to provide an estimate of the significant 
difference between the tabulated values. For the material utilized it is assumed this 
difference is smaller than 0.01C°. 


General features 


Figure 2 shows the distribution of salinity during the entire period as inferred 
from observations with reversing bottles at about one position. Prominent in this is 
the marked salinity gradient or halocline in which the salinity increased from very low 
values to about 25°/oo over a short depth interval. Above the halocline in a surface 
layer the salinity was extremely low, less than 1°/oo, during the period of ice cover 
and increased to at least 13.7°/oo during the ice-free period. At this time in the deep 
water below the halocline, the salinity was about 29.0°/oo. Higher salinity occurred 
there during the winter months, 30°/oo during the 1962-63 winter and 31° /oo earlier 
in April of 1962. Thus the data suggest the existence in the deep water of a salinity 
variation with annual period. 


Table I (b) 


A listing by date of the locations occupied in Tuktoyaktuk Harbour and 
Kugmallit Bay during Phases I, II and IV. 
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Figure 2. Salinity distribution based on samples obtained with reversing bottles during 
the period April, 1962 to September, 1963. The shaded portion indicates the depth 
over which the change was 20°/oo. Data used comprise all Phase I, Phase II consec 
number 75, Phase III consec numbers 2, 4, 5, 7, 9, 11, 138, 15, 17, 20, 21, 23, 25, 
26, and 28, and "Richardson" consec numbers 7 and 38. 


A similar period is apparent in the depth of the surface layer which appears 
minimum in early December and at a maximum at some time during the spring. The 
observations from the ice cover indicate that the depth of the layer increased by a 
factor of two and, as the salinity of the layer did not change significantly during this 
time, the depth increase represents an increase of fresh water in the surface layer, 
also by a factor of two. As it would appear reasonable to assume that such a local 
contribution of fresh water could not occur during the winter it may be concluded that 
the fresh water comes from the Mackenzie River. It would seem too, that the accumu- 
lation over shallow Kugmallit Bay would prevent any movement into the harbour from 
seaward so that the high-salinity deeper water must intrude there at another time. 
This consideration envisages a rapid accumulation of the fresh water in Kugmallit Bay 
with a much slower increase in the harbour due probably to tidal influences and the 
relative depth of mixed layer and sill. 

The maximum observed depth of the mixed layer is close to that of the sill and 
was attained in May. Because it is close to sill depth it probably represents the deep- 
est extent of the mixed layer throughout the period of ice cover. It is visualized that 
the condition persists relatively unchanged to the end of June at which time, and in 
association with removal of the ice cover, the trend toward the observed late summer 
distributions is established. 

The distribution at freeze-up was not observed so that the surface salinity at 
the time is also a subject for conjecture. It seems possible that the change to lower 
salinities occurred * prior to ice formation so that when the ice cover began to form 


*The only evidence which supports this possibility appears to be the temperature values 
in the halocline. As shown in the subsequent description, particularly of Phases I and 
II, the temperatures there tend to be generally warmer then the freezing point, whereas 
values closer to the freezing point could be expected to some depth within the halocline 
had the water there been recently influenced by freezing at the surface. 
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it did so in a water nearly fresh. This is a useful supposition for it provides an origin, 
0°C, for heat storage estimates in the surface layer. The ''Richardson" data (Figure 
3) indicate that such seasonal storage does occur for by the end of July the surface 
temperature exceeded 15°C and the storage at one position was estimated to be 9.4 kg 
calcm72, This level of storage appears to have continued there through mid-August to 
about August 21, declining to 2.5 kg cal em~2 by mid-September and presumably to 
zero in a surface layer by the time of ice formation. 
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Figure 3. Distribution of temperature at "Richardson" location 6 from BT data 
indicating the date observed. With 0°C as the origin the seasonal heat storage 
for each was calculated to be 9.4, 8.5, 9.1, 5.2 and 2.5 kg cal cm~2, 
respectively. 


The stability of the heat storage in the surface layer to August 21lis ofinterest 
as itcoincides with an increase of surface salinity there (Figure 2), Both aspects are 
compatible with the advective influence of the estuarine circulation which occurs atthis 
time due to surface runoff into the harbour and with the existence of a water of oceanic 
salinity in the near approaches. However, the efficiency of the coupling provided bythe 
estuarine circulation cannot be evaluated for not only are the data minimal but also 
another exchange mechanism is believed to be significant. 


is 


From ice cover 


Phase I (April 27 - May 6, 1962). Two structural characteristics of wide- 


spread occurrence in Arctic waters are evident in the observations in Tuktoyaktuk. 
One is the halocline, the other the temperature maximum within the halocline. That 
these can occur (apparently the temperature maximum is not a persistent feature) is 
demonstrated by Phase I data (Figure 4) which indicate the existence of the maximum 
toward the bottom of an extremely strong halocline. Above the halocline in the surface 
layer, to about 6m depth, the salinity was less than 1°/oo0 and the temperature close to 
the freezing point. Below the halocline the salinity increased to the bottom to about 
31°/oo where the temperature was between -0.5 and -0.4°C. At 25 feet (7.6m), a 
depth likely close to the bottom of the halocline throughout the harbour, the temperature 
varied about 0.65C”' (Figure 5). It seems that this relatively wide range of tempera- 
ture may be brought about by a number of influences including isolation of the deeper 
water (as at location 16 and perhaps at location 11) by variation of depth within the 
harbour as suggested by Ince (1962). 
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Figure 4. The structure of salinity and temperature during Phase I. All of the 
observed salinity values are shown. The temperature values were observed at 
location 7, consec numbers 38, 29, 56, 59, 93 and 97. 


Data in the harbour approach during Phase I, although few, indicate (Figure 6) 
the existence of a low-salinity layer to about 18 feet (5.5m) and, while not sufficient to 
allow proper definition of the deeper salinity structure, suggest that the halocline may 
be less intense there than in the harbour. The suggestion is supported by the fact that 
a maximum in the temperature structure below the surface layer was not observed at 
the extreme seaward position (location 21). At this position the coldest, to -0. 61°C, 
water of Phase I was observed close to the bottom at 25 feet (7.6m). 
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69°25’ 


Phase | 
TEMPERATURE (°C) 
at 25 feet (7.6 m) 
April 27 — May 6, 1962 


Contour interval: 0.1C° 


133°00' 


CHS 7627 


Figure 5. Distribution of temperature (°C) at 25 feet (7.6m) during Phase I 
(consec numbers 1, 2, 3, 5, 10, 15, 17, 19, 20, 21, 57 and 58). In all of the 
presentations of horizontal distributions an open circle indicates a location 
where data were observed, a closed circle indicates a location where data there 
were used in the interpretation. 
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Figure 6. Temperature (°C) and salinity (°/oo) in section sea- 
ward from Tuktoyaktuk Harbour during Phase I at locations 15, 
18, 19, 20 and 21, consec numbers 69, 85, 73, 81 and 82, May 


2-3, 1962. 
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During the period a position in Eastern Entrance (location 15) was occupied on 
29 occasions. The temperature data observed at 20 feet (6.1m) at the position and 
the observed relative change of sea level within the harbour are shown in Figure 7. A 
temperature variation of tidal period of about 0.2C° is indicated such that a cold water 
occurred at high tide and a warmer water at low tide. 
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Figure 7. Temperature (°C) at 20 feet (6.1m) at location 15 in Eastern Entrance 
during the period April 29 - May 5, 1962 and the observed range of the tide which 
was provided in the form of hourly values by the Canadian Hydrographic Service. 
A systematic error of one hour may exist in the tidal information and if it does 
the time shown is late by this amount. 


Phase II (Nov. 26 - Dec. 9, 1962). The effect of isolation described above may 
on occasion be of more than usual significance as the data for these periods suggest a 
strong time-dependence in the distributions. For example, during Phase II the salinity 
of the surface layer (Figure 8(a)) was generally less than 1° /oo except in the vicinity 
of the wharf and toward the head of the harbour. As mentioned on page 17 the values 
close to the wharf may reflect an influence of the bubbler. However the increase up 
the harbour is presumably due to changing conditions in Kugmallit Bay subsequent to 
the formation of an ice cover there. The temperature distribution at depth (Figure 8(b) ) 
also suggests changing conditions with generally warmer values upharbour from about 
the location of the wharf. 
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Figure 8(a). Distribution of salinity (°/oo) in Tuktoyaktuk Harbour during period 
Nov. 26 - Dec. 5, 1962 of Phase II. In surface layer from consec numbers 1, 
Boos by Sh or dss Bl ygr23). 24586; 47/48, 50; 51,63 » 64 and 65rminset 
shows distribution in vicinity of wharf from consec numbers 4, 12, 25, 38, 42, 
70, 72, 73 and 74 {see Figure 1 for station locations in vicinity of whart). 
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Figure 8(b). Temperature distribution (°C) at 25 feet (7.6m) from consec 
numbers 1; 2,355.55) 690%5%9,910) 48) 5h, 52 »60,n64 and) 632 4Samewmetaile 
as Figure 8(a). 
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The salinity data of this phase were based on one of the in situ salinometers 
and on a smaller number of bottle samples. The distribution of salinity with depth at 
one position (location 28) derived from data of both types obtained there (Figure 9(a) ) 
indicates a reasonable agreement in these data which for the purpose was deemed 
adequate; maximum Salinity determined during this phase from bottle samples was 
29.75°/oo (consec 75) and 29.30°/oo0 with the field salinometer (consec 30). The distri- 
bution in time of the temperature at this location (Figure 9(b) ) does not indicate the 
inversion observed in the halocline during Phase I, although a slight secondary maxi- 
mum, to -0.4°C, occurred below the halocline at consec number 30 andless atthe other 
numbers. At consec 11 an increase to -0.1°C occurred close to the bottom, anincrease 
which appears to have been general at locations farther up the harbour. 


Phase III (Dec. 14, 1962 - May 1, 1963). The salinity observations made at 


location 50 (Figure 1(c), inset 3) are presented here in Figure 2 and described on page 
7 where it was shown that the surface layer increased from a depth of 10 feet to 18 feet. 
Dick (1961, his Figure 1(b)) showed that the air bubbler was positioned about the wharf 
in this range of depth, so that for part of the period the bubbler was operating within 
the halocline depth and consequently a flux of salt to the surface would occur. There is 
some evidence that this influence was observed. Salinity observations at a location (51) 
close to the face of the wharf (Figure 10) indicate that near-surface values there were 
higher than observed in the surface layer away from the wharf (Figure 2). Also the 
observed gradual decrease of salinity close to the wharf indicated in Figure 10 is com- 
patible with the observed increase in thickness of the surface layer relative to the depth 
of the bubbler, i.e., there would be progressively less upward salt flux as the layer 
extended deeper than the bubbler. This increase of depth of an isothermal (0°C) sur- 
face layer is indicated in the bathythermograph observations made during this phase 
(not Shown here), but there is no indication in the BT observations close to the wharf 

of an effect which might be due to the bubbler. A temperature inversion in the halocline 
does not appear in the BT data for this phase. 


Phase IV (May 2-5, 1963). Salinity observations during this phase with in situ 
salinometers of two types (Figure 11) agree in general with the distributions toward 
the end of Phase III (Figure 2); in particular the depth and salinity of the surface layer 
indicated in all the material are the same. The temperature observations indicate a 
structure similar to that of Phase I (Figure 3) but without the marked temperature inver- 
sion within the depth of the halocline observed a year earlier. Temperatures at the 
maximum depth observed (45 feet or 13.7m) were between -0.4 and -0.3°C and suggest 
some warming of the deeper water during the period since Phase II of about Bis ie 
The warming is compatible with the observed decrease in salinity of the deeper water 
during the interval between Phases II and IV, assuming that it is surface water which is 
mixed into the deeper water; however, the increase of temperature is slightly larger 
than should have occurred under this circumstance alone. 


From MV "Richardson" (July 26 - Sept. 16, 1963). In addition to the series 
of BT lowerings at station 6 described earlier in the assessment of the seasonal heat 
storage (Figure 3) two series of salinity observations were made over the area, one at 
the end of July the other at mid-September. Some of the latter observations were 
utilized to prepare Figure 2 and indicate an increase of surface salinity and a salinity 
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Figure 9(a). Salinity (°/oo) at location 28 during Phase II from consec numbers 
5, 11, 30, 40, 45, 77 and 79. A number (not shown) of the deepest salinity 
observations appear to be in error (they are unreasonably low) and it is sur- 
mised that the cell was located on or too close to the bottom. Shown is the 
envelope of values from the portable salinometer as well as open circles from 
reversing bottle samples at location (consec number 31). 
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Figure 9(b). Temperature (°C) distribution with depth and time. Same detail as 
Figure 9(a). The deeper temperature values at consec number 11 may be in 
error, but see text. 
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Figure 10. An interpretation of the salinity distribution based on data obtained 
close to the dock (location 51) with reversing bottles during the period December 
7, 1962 to May 1, 1963. Data used comprise Phase II consec number 71 and 
Phase III consec numbers 1, 3, 6, 8, 10, 12, 14, 16, 18, 19, 22, 24, 27 and 29. 


decrease in the deeper water during the interval. In Kugmallit Bay at ''Richardson" 
station 22, depth 5m, the water was isohaline at 2°/oo on July 29 and 31°/oo on Septem- 
ber 13. 

In July slightly higher salinity, over 5°/oo, was observed inshore of station 22 
at the surface (Figure 12(a)); the highest surface salinity was observed within the har- 
bour toward the head. In September (Figure 12(b)) values decreased sharply from the 
31°/oo at station 22 to less than 5°/oo in Eastern Entrance; again a relatively high value, 
20°/oo, occurred within the harbour toward the head. 

In July the highest salinity, 29.9°/oo, within the harbour (Figure 13(a)) was 
observed at station 11 at 20m and a number of values to 29°/oo were observed at about 
the same time. In mid-September a value greater than 29.5°/oo (Figure 13(b)) was not 
observed and the region of highest salinity had been 'displaced' toward the entrance since 
July. The decrease of salinity in the deeper water interpreted from Figure 2 might be 
due to such a water movement, although the nature of the exchange during the period of 
runoff could lead to reduced salinity in the deeper water (see page 27). 
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Figure 11(a). An interpretation of temperature and salinity data observed 
on Phase IV in Tuktoyaktuk Harbour at location 55 consec numbers 1-9, 
May 2-3, 1963. Also indicated are the salinity observations made at 

the same position (location 28) on May 1 of Phase III. 
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Figure 11(b). Salinity and temperature at location 53 consec numbers 
1-9, same dates as Figure 11(a). 
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Figure 12. Surface salinity (°/..) in Tuktoyaktuk Harbour and Kugmallit Bay 
from MV "Richardson" observations in 1963. (a) July 26-29. (b) September 
13-16. 
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Figure 13. Salinity (°/oo) in Tuktoyaktuk Harbour at depth of deepest observa- 
tion from MV "Richardson" observations in 1963. (a) July 26-29. (b) September 
13-16. 


DISCUSSION 
A comparative winter heat loss 


The radiative and flux terms of the heat budget equation (Sverdrup, et al., 
1942, p. 100) were evaluated for a column of water in Tuktoyaktuk Harbour at each 
midmonth during the 1962-63 winter. The terms were estimated under two surface 
conditions, one for a normal ice and snow cover (Table II), the other for open water 
(Table III), and followed a similar derivation for a region in Hudson Bay (Barber, 1967). 
For the purpose here and within the stated conclusions, the two major characteristics 
of the budget, the value of the sensible heat storage and the difference in heat loss with 
and without an ice cover, are of such size that there would be little point in providing 
detail of the estimate beyond that given below and in the tables. The meteorological 
data were obtained from publications of the Meteorological Branch, Canada Department 
of Transport. 


Table II 


Calculated midmonthly values, October to May, of terms of energy budget (g cal cm~2 
day~1) under conditions of normal ice and snow cover. Net loss is sum of 


Qb + Qe - Qs + Qr + Qh. 


Oct Nov Dec Jan Feb Mar Apr May 
Jas 100 15 0 3 67 225 470 690 
C 8.5 50 6.1 3.6 4.7 4.3 720 8.0 
qs 43 19 0) 3.0 60 209 B22 364 
Q. 14.5 12 0 1 Ad, 154 209 La. 
es =306. -17.8 -21.3. -29.9 =26.1 —27e3 12.1 2.3 
Sa 4 1 il Om 0.4 0.3 2 4.6 
ow 5 1 1 0.4 CesnolmOns 2 5 
U, ‘4 6.3 709 566 6.3 54 603 4.9 
Qy 74 87 84 87 79 83 86 91 
om rad 7 11 3 8 i 2 L3 
Qh - = - = - - = - 
net loss 66.5 103 95 88 66 35 -15 -84 
ees = mean solar radiation incident on the sea surface under a 
clear sky (Mateer, 1955). 
C = daylight cloud cover in tenths of sky covered. 
Q, = estimated solar radiation incident on the sea surface. 
Q- = mean value of the solar radiation reflected from the 
sea surface. 
T, = air temperature ‘ogem 
e, » Gy = vapour pressure (mb) at the sea surface and at a 
height of ‘'a' metres. 
Us = wind speed (m sr) at a height of 5 metres. 


effective long wave back radiation. 


cee 


evaporation 


Oo 
> 
! 


sensible heat conduction. 
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Table III 


Calculated midmonthly values, October to May, of terms of the energy budget (gcal . 
cm~2 day1) under open-water conditions. The values of Q, and Us are the same as 
in Table II. 


Oct Nov Dec Jan Feb Mar Apr May 

Q. 43 13 0 B10 / Bee 209 322 364 
a. | 5 12 0 1 28 48 4? 42 
in SPS . NLS 2-3 “20.9 | -28.1 . -2763 | alged\\q2-28 
Ts 0 0 0 0 0 0 0 0 
Sa 4 1 t 0.3 0.4 0.3 2 4.6 
e, 6 6 6 6 6 6 6 6 

U, 7 6.3 7.9 5.6 6.3 504 6.3 449 
Q, 108 245 319 243 271 234 190 54 
Op 82 184 228 188 203 185 143 33 
Qh 118 523 787 780 828 688 354 53 


netWeas, eFz0 951 1334 1209 1207 946 42-182 


Ts = surface water temperature Ven 


The tabulations of Tables II and III indicate that the heat loss under the condi- 
tion of open water is 10 to 20 times that under the condition of an ice cover. During 
the period October to April the total loss of heat over an open area 20m” would be 
3 x 1010 g cal. 

The amount of sensible heat in the water column, assuming the freezing point 
as the origin for the estimate, was calculated* to be 1600 g cal cm~“ in the deeper 
water adjacent to the bubbler site. An estimate of the total sensible heat in the harbour 
followed and was determined to be two to three orders of magnitude greater than the 
total heat loss at an open-water site of area mentioned above. As the area is about the 
size maintained by the air bubbler it may be concluded that if the heatloss was metout of 
the total mass of water the resulting change of temperature would nothave been measurable. 


*For the estimate an approximation to the temperature distribution observed at location 
7 during April 27 - May 6, 1962 (Figure 4) was used such that in the depth interval 6m 
to 21m the average temperature was -0.4°C and the freezing point -1,5°C. It was 
assumed that significant sensible heat did not exist at depth shallower than 6m. 
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Some consideration was given the possibility that the heat loss was provided 
through formation of frazil ice at the bubbler site. Williams (1961, p. 7) noted that 
frazil formation would result when the ''thermal reserve is exhausted" and suggested 
that such formation might be used to advantage, apparently, through utilization of the 
bubbler technique. It was envisaged that the frazil ice would be advected away from 
the site by the action of the bubbler and would become part of the existing ice cover. 

If the total loss of heat estimated for the site at Tuktoyaktuk were met in this way an 
amount of about 4 x 108 grams of ice would form. This would be a volume (assuming 
an ice density of 0.9 gm ec71) of 4 x 102m? or a thickness of 0.02 cm over the area of 
the harbour. An indication that a portion of the heat loss at the bubbler site was met 
in this manner was given by Ince (1962, p. 5) from ice thickness measurements; ap- 
parently frazil ice deposited at the bottom surface of the ice cover close to the site. 

Although this energy budget does not provide information of specific value to 
the problem of bubbler operation, it is possible that Tuktoyaktuk Harbour could prove 
a useful site for further experiment. For example, it is conceivable that an area of 
open water could be maintained for a time and of a size that the heat loss would lead to 
measurable change. Other experiments might be based on the peculiar water structure 
under the ice cover (fresh and saline water in the same column) and might consider the 
influence of a bubbler, or other device, operated below the halocline in the deepest 
part of the harbour. A redistribution of the water could occur which, if ascertained, 
might provide further insight into specific problems of bubbler operation in the control 
of ice cover. A difficulty is that of the coupling of the water of the harbour and of 
Kugmallit Bay, i.e. , to what extent and in what manner does exchange occur? Some 
consideration is given to this in the next section where it is shown that tidal exchange 
is considerable. The definition of an experiment must recognize this; indeed, it is 
possible that stronger evidence in the data of the bubbler effect does not exist because 
the effect is removed by this tidal exchange. 


An elementary examination of the exchange mechanisms 


As is usual in Arctic areas it is the salinity data which provide the main 
material for assessment and definition of the structure and of the dominant processes. 
In the following section an attempt is made to establish the nature of the exchange 
mechanisms and to define qualitatively the influence of each as interpreted from the 
salinity data. 


Without ice cover. During the summer period of ice and snow melt and run- 
off an estuarine type of circulation likely occurs. This would comprise a seaward flow 
of mixed fresh and salt water in a surface layer and a compensating subsurface flow of 
saline water into the harbour. It seems possible that during times of maximum runoff 
the subsurface flow may not provide a salt balance so that part of the salt in the surface 
layer would be derived from the deeper water. This would explain the apparent de- 
crease of salinity in the deeper waters during the summer. However, by mid-Septem- 
ber the runoff is probably at a lower level so that the condition would not occur. At 
this time the salinity immediately seaward of the harbour can exceed 31° /oo and 
it would seem probable that a high salinity water moves into the harbour due to the 
coupling of the estuarine circulation. However the data are not sufficient to confirm this 
interpretation. One other exchange mechanism appears capable of providing the required 
coupling andthe evidence which allowed some evaluation ofthe nature and significance 
of the mechanism was obtained after freeze-up. 
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With ice cover. An interesting aspect of the salinity data observed from the 
ice cover is that a portion was obtained at closely spaced depth intervals. Examples 
described indicate the existence of an extremely intense halocline bounded at the top 
by a near discontinuity between the halocline and the homogeneous surface layer, the 
latter being nearly devoid of salt. The condition prevailed even though the amount of 
fresh water in the surface layer was increasing, that is the layer was increasing in 
thickness without an increase of salinity. It is concluded that very little mixing between 
the layers was occurring. This is of interest for it suggests little shear and hence a 
small advective term; quite a different situation than is usually encountered. It seems 
that the fresh water which occurs in the harbour at this time, or much of it, is asso- 
ciated with that occurring to seaward and enters from that direction. As a result an 
estuarine type of circulation is not generated and a net outflow in the surface layer with 
return flow and upward transport does not occur. Also, as the water of the surface 
layer at this time is virtually fresh, surface cooling at temperatures close to freezing 
would lead to stability as in a lake, rather than instability as in the ocean. Further- 
more, as the salinity is low the amount of salt made available to the surface layer 
through freezing would be negligible. Thus, the evolution* of the surface mixed layer 
through the winter would not relate to the formation of denser water at the ice-water 
interface. But the increase of fresh-water content, that is, the increase in depth of 
the mixed layer, was accompanied by a decrease of salinity at depth below the halocline. 
It is believed that both results are due to a tidal effect over the period of duration of 
the ice cover. A somewhat similar influence is believed to have been observed in the 
distributions in Fury and Hecla Strait in 1960 (Barber, 1965), and it is here conjectured 
that the peculiar distributions in Tofino and Bedwell Inlets described by Pickard (1963, 
p. 1128) may also have been the result of a tidal influence. 

The essential feature of the influence is that the water of the ebb is not entirely 
the same water which comprised the flood, although the volume of each is the same. 
The extent to which such a volume exchange occurs at Tuktoyaktuk is determined by a 
number of factors including the amplitude of the tidal current, shape of the basin, degree 
of vertical mixing, stability and bottom roughness. The influence of the exchange is 
quite marked initially because it takes place in the circumstance that the surface water 
of Kugmallit Bay is maintained as fresh water while the surface water of the harbour is 
saline. Subsequently the surface water of the harbour becomes fresh so that although 
the volume exchange likely continues unaltered a result is not as apparent. 

A loss of sensible heat would be associated with this loss of salt as the salt 
water is warmer than the freezing point and the fresh water is at the freezing point. 

The effect would lead to the existence of slightly higher temperatures in the deeper 
water by the end of the period of ice cover. This occurred (Phase II to Phase IV) but 
to greater extent than would be expected from the observed salinity reduction. The ex- 
planation may lie in the fact that localized areas of relatively warm water at depth indi- 
cated early in the period of ice cover (Figure 9(b), consec 5) become mixed into the 
mass of deeper water by the end of the period of ice cover. 


*This feature as well as the lack of an estuarine type of circulation during the period of 
ice cover are considered as further evidence that the environment at Tuktoyaktuk may 
be particularly suited to experiment based on the distribution of salinity. 
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A model of the exchange. For the purpose of the discussion in this section it 
will be assumed that for periods multiples of tidal a net volume transport due to tidal 


effects does not occur. It will also be assumed that gradients of pressure due to wind 
stress, variations of atmospheric pressure and density differences are so small as to 
be not significant. 

It would appear that of those factors which influence the exchange the ampli- 
tude of the tidal current and the shape of the basin would be most important. At the 
entrance, the flood movement into the harbour is surface water of Kugmallit Bay, 
while the ebb movement out of the harbour comprises both* the surface and deeper 
water there. Thus, the purely tidal advective motions would alone lead to an exchange. 

Within the harbour, exchange would be accomplished by tidal turbulence and 
mixing, including relatively large scale and persistent (recurring) eddy formations 
resulting from horizontal gradients due to the tide. Tidal mixing would be influenced 
by the density of the water of the flood relative to that in the harbour. Whether this 
difference can be sufficiently large to cause significant variation in the size of the 
volume exchange per tide is not directly evident in the observations. It will be sug- 
gested that in at least one circumstance the volume exchange could be very much larger 
than usual. 

First, it is emphasized that the non-time-dependent factors determine that a 
definite volume exchange will take place each tide. This will be expressed as a fraction 
of the flood volume retained in the harbour. In the event that all of the water in the 
region was the same, that is, all fresh water or a water at some particular salinity, 
the exchange would occur but of course would not be recognized through measurements 
of salinity. If salinity differences exist an exchange factor could be established in terms 
of changes of concentration each tide. However, the situation at Tuktoyaktuk is some- 
what simpler as it is possible to estimate the volume exchange directly from the change 
of fresh-water content. For example, it was the interpretation of Figure 2 that the 
volume of fresh water in the harbour at the end of December was about twice the amount 
there at the beginning of December. The actual volume increase appears to have been 
2 x 107%m3**, which over the interval of 31 days of semidiurnal tide indicates a calcu- 
lable retention of fresh water per tide (actually 3 x 10°m3). A further calculation al- 
lows the estimate that at least one twelfth of the intertidal volume is exchanged each 
tide. 

During the period January to April, and after the depth of fresh water in the 
harbour attained sill depth, a much smaller increase in the amount of fresh water in 
the harbour is indicated. It is estimated that the actual increase over the total depth, 
assuming a base salinity of 30°/oo, was about 1m over the area. Thus a change in the 
rate of increase of fresh water occurred from 2m a month to 1m each 4 months, that 
is by a factor of 8, after sill depth was attained. During this entire period it is consid- 
ered that the exchange factor remained unchanged at one twelfth. 


*The data upon which Figure 7 is based is considered as qualitative evidence that this 
occurs, 


**The area is about 10’m2 and the depth increase of fresh water was about 2m. 
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Were the net seaward flux of salt to continue the harbour would eventually be- 
come salt free. This does not occur because the fresh water from the Mackenzie 
River flowing eastward past the harbour entrance in winter is replaced in summer by 
water of oceanic salinity. In this circumstance a net salt flux into the harbour could 
occur due to tidal exchange. However, at this time a net volume transport out of the 
harbour occurs due to surface runoff into the harbour which in turn could lead to a 
movement of salt into the harbour. It does not appear possible to determine from pre- 
sent data the extent to which the estuarine circulation couples the harbour water to that 
of Kugmallit Bay, so that the relative significance of the tidal and estuarine exchange 
mechanisms cannot be assessed. It does appear, however, that in a steady state situ- 
ation in summer (constant runoff and constant salinity distribution in Kugmallit Bay) a 
portion of the salt balance in the harbour could be due to tidal exchange. Indeed it 
seems possible that in general the subsurface or up-estuary flow required to maintain 
the salt balance in an inlet may be due entirely to the tidal exchange mechanism. 

In Tuktoyaktuk Harbour we recognize that in late summer and autumn a net 
salt flux occurs into the harbour so that annually a balance is likely maintained. At 
some time during this period the water of the flood may comprise a water heavier 
(saltier) than in the harbour. Were all the flood retained through exchange with deeper 
water, complete exchange would require about 10 tides, i.e., about 5 days. The calcu- 
lation is useful only in that it suggests that extreme change could occur through a single 
extreme event, such as a storm. 

According to the Pilot (Canada. Dept. Mines and Tech. Surv. , 1961, p. 18) 
‘westerly gales have caused a high tide to rise from 4 to 5 feet (1.2 to 1.5m) above 
normal', The volume of water contributing to this increase of sea level would come 
from Kugmallit Bay where it is known that the salinity of the water varies with annual 
period from near zero to at least 31.4°/oo. The high-salinity water occurred within 
18 km of Tuktoyaktuk and it seems likely that water of higher salinity would be observed 
even closer to the harbour on occasion. Were this circumstance to coincide with a 
'westerly gale' then a significant portion of the volume increase of the harbour water 
could comprise a high-salinity water which might in turn be sufficiently salt to replace 
the deeper water there. The most likely time for the occurrence of such a circumstance 
seems to be during September and early October and while adequate sea-level data 
(e.g., Canada. Dept. Mines and Tech. Surv. , 1964) and meteorological data (e.g., 
Canada. Dept. Transport, undated) appear to be available for the period, oceanogra- 
phic data are not. 

The situation then with regard to the influence of a storm is similar to that for 
the estuarine circulation in that neither can be evaluated from present data. On the 
other hand, the extent to which the water of the harbour is coupled to that of Kugmallit 
Bay by a secondary effect of the tide is sufficiently well indicated that a quantitative 
estimate of the resulting exchange is possible. The emphasis in the result lies in the 
fact that a marked variation with a period of a year occurs in the water in Kugmallit 
Bay. This result, in turn, is due to a secondary effect of the wind of annual period in 
the presence of a winter ice cover and the proximity of a large river and the ocean. 
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ABSTRACT 


Data obtained from a series of monitor cruises on 
Lake Ontario during the 1966 and 1967 field seasons are analyzed 
in detail, and the findings placed in the context of existing 
knowledge. After a brief and fairly general outline of the 
thermal regime throughout the year, the reliability of the 
data is discussed, employing an infrequently used technique 
to determine the relation between natural (geographical or 
temporal) and random variability in the data. The thermal 
structure and its temporal changes during late spring, summer 
and early fall are then described in more detail, with special 
emphasis on development, intensity and decay of the stratifi- 
cation, upwelling, regional temperature anomalies in relation 
to wind and river flows, and persistent deviations of the 
actual structure from an equilibrium situation defined as 
the expected structure in the absence of external forces. The 
results are used extensively to perform calculations on water 
movements, response times to external forcing conditions and 
mixing processes in the lake. 


Rainey's flushing model is refined, predicting a 
20 year response time of the composition of lake water to a 
change in the input concentration of a conservative parameter. 
A new method to calculate the vertical coefficient of eddy 
diffusivity in the thermocline layer is developed, and 
compared with a classical method. K, is found to be 
approximately 0.12 cm¢/sec in the layer of maximal vertical 
temperature gradient. An attempt is made to use geostrophic 
calculations to define water movements, and it is found that 
the method has only limited applicability; transports deduced 
from the calculations: are 5° to 10 times too large. Seasonal 
changes in heat content are calculated and used to draw 
conclusions on advective water movements within the lake. 


The horizontal-~and vertical distributions and 
seasonal variations of oxygen, specific conductance, pH, 
total alkalinity, hardness and chloride are studied in 
relation to the thermal structure, and persistent local 
anomalies are pointed out. It is found that these are 
usually surprisingly small in areal extent, which supports 
one of the,major conclusions) of this report: For the period 
studied, that is’ for’ the months /of ‘June “through October, the 
lake is essentially well mixed horizontally, and there is 
little or no evidence of a confined eastward transport along 
the southern shore of water carrying with it a good percentage 
of all admixtures entering the lake from that side. 
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ime; 1 9'66% 


Summer-mean specific conductance distribution at a 
depth of 1 metre in 1967. 


Summer-mean dissolved oxygen distribution at a depth 
of; lemetre: ane 1967; 


Summer-mean distribution of the percentage satura- 
tion of oxygen at a depth of 1 metre in 1967. 


Dissolved oxygen; changes in the mean profile 
throughout: the: 1966. field season. 


Percentage saturation oxygen; changes in the mean 
profile throughout the 1966 field season. 
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Specific conductance; changes in the mean profile 
throughout the 1966 field season. 


pH; changes in the mean profile throughout the 1966 
field season. 


Differences in the epilimnion and the hypolimnion 
concentrations of total alkalinity, hardness and 
chloride during the 1966 field season. Between 
brackets the measured cruise-mean hypolimnion 
values; see text for a discussion of their 
accuracy. 


Dissolved oxygen; changes in the mean profile 
throughout the 1967 field season. 


Percentage saturation oxygen; changes in the mean 
profile throughout the 1967 field season. 


Differences in the epilimnion and the hypolimnion 
values of specific conductance, total alkalinity, 
hardness and chloride during the 1967 field season. 
The numbers give the measured cruise-mean hypolim- 
nion values; see text for a discussion of their 
accupacy:. 


Mean vertical profiles of temperature, oxygen, pH 
and conductance in an upwelling area (dashed lines) 
compared with their lake mean profiles (solid 
lines), June 20-25, 1966. 


Mean vertical profiles of temperature, oxygen, pH, 
conductance and hardness in an upwelling area 
(dashed lines) compared with their lake mean 
Drotivies (solid lines),,” July 4-107) 1966. 


Mean vertical profiles of temperature, oxygen, pH 
and conductance in an upwelling area (dashed lines) 
compared with their lake mean profiles (solid 
iimes PAwatbyiel 9-24 obo 6. 


Mean vertical profiles of temperature, oxygen, pH 
and conductance in an upwelling area (dashed lines) 
compared with their lake mean profiles (solid 
lines), September 20-24, 1966. 


Mean vertical profiles of temperature, oxygen, pH 
and conductance in an upwelling area (dashed lines) 
compared with their lake mean profiles (solid 
lines), September 26-30, 1966. 


Heat content below the surface and below four 
subsurface levels relative to a column of water 
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of 4°C extending from each of these levels to a 
depth of 50 metres in 1966. 


Heat content below the surface and below four 
subsurface levels relative to a column of water 
of 4°C extending from each of these levels to a 
depth of 50 metres in 1967. 


Summer-mean dynamic height anomalies in cm in 1966. 
Summer-mean dynamic height anomalies in cm in 1967. 


Correlation between the east and north components 
of the wind and water intake temperatures from four 
different stations for the 1966 field season. For 
the location of the stations see Table 2. 


Power spectra of the water intake temperatures of 
four different stations, and of the north and east 
components of the wind, for the period of June 
through September 1966. 


Coherence and phase lag between temperature data 
from three water intake stations in the Toronto 
region. In the high frequency region the number 
of lags used in the analysis is reduced from 50 to 
12° in two'of the: three data series (T, with T. and 
1 2 
T. with T3). 
Coherence and phase lag between temperature data 
from each of three water intake stations in the 
Toronto region and data from a station near 
Rochester. In the high frequency region the number 
of lags used in the analysis is reduced from 50 to 
as 


Coherence and phase lag between the north component 
of the wind (Toronto International Airport) and the 
temperature data from each of four water intake 
stations. The data are analysed for 12 lags only. 


Coherence and phase lag between the east component 
of the wind and temperature data from each of four 
water intake stations. In the high frequency 
region the number of lags used in the analyses is 
reduced “trem ''S0 Cre. Ghz. 


Response of the concentration of a parameter P to 
a stepwise change in the rate of input of that 
parameter into the lake. The function (t) gives 
the percentage change relative to the total change 
in the rate of input. 
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Fictitious horizontal distributions of chloride 
at the 1 and 50 metre levels, suggested by data 
sampled on a cruise in late August 1966. 


A comparison of the time series of measurements of 
different parameters sampled during a monitor 
cruise in late August 1966. Subsequent points 
along the horizontal axis denote samples taken at 
consecutive stations. The arrows on the right 

hand side indicate the magnitude of a change in the 
concentration of the respective parameters that 
would cause a variation of 10 «mhos/cm in the 
conductance, provided that the concentration of all 
other parameters remains constant. 


A comparison of the time series of measurements of 
different parameters sampled during a monitor 
cruise in late August 1967. Subsequent points 
along the horizontal axis denote samples taken at 
consecutive stations. The arrows on the right hand 
Side indicate the magnitude of a change in the 
concentration of the respective parameters that 
would cause a variation of 10 4£mhos/cm in the con- 
ductance, provided that the concentration of all 
other parameters remains constant. 


Comparison of significance limits of the coherence 

between two random Gaussian series of data with the 
limits quoted by Panofsky and Briar. Curves I and 

II are based on Tuckey type power spectrum analyses 
of 25 pairs of random data series with N = 500, 

mM “Ulv,«t =.82.and N = 500g4m;= 50, feyanl9 respec 

tively. 


The 95 percent confidence limits of phase as a 
function of coherence for 82 and 19 degrees of 
freedom (12 and 50 lags in a data series of 500 
respectively). 
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1. INTRODUCTION 


1.1 General Remarks 


During the summers of 1966 and 1967 the Canada Centre 
for Inland Waters, Department of Energy, Mines and Resources, 
undertook an intensive program of limnological cruises on Lake 
Ontario. The cruises were organized in close cooperation with 
other branches of the same department and with the Public Health 
Engineering Division of the Department of National Health and 
Welfare. In both years a regular series of monitor cruises 
covering the whole lake were made at two-week intervals, 
sampling such parameters as temperature, oxygen, specific con- 
ductance, “pH, hardness, chloridé}’ total alkalinity ,“ various 
nutrients, turbidity and some bacteriological parameters, at a 
number of standard depths. The field seasons extended from 
early June to late September in 1966 and from mid-June to late 
October in 1967, and the ships used were the M.V. Brandal and 
the M.V. Theron respectively. 


The present report contains the results of an exten- 
Sive literature survey and an analysis of data sampled in 1966 
and 1967. In the first chapter the thermal regime of the lake 
1s discussed” in general terms; it ‘serves asa background for 
later, more detailed discussions. In Chapter 2 the methods of 
sampling and analysing the data are outlined and their repre- 
sentativeness discussed. The thermal regime during late spring, 
summer and early fall then is worked out in more detail, paying 
Special attention to such phenomena as stratification, up- 
welling and persistent local anomalies in the temperature 
structure. In Chapter 4 seasonal variations in heat content 
and the importance of internal, advective water movements in the 
redistribution of heat are discussed. This is followed by a 
general chapter on the horizontal and vertical distributions of 
and seasonal changes in the concentrations of various chemical 
Parameters. “THe major function of this ,chapter is;torallustrate 
the close relationship between the distributions of temperature 
and of chemical parameters, leading to some conclusions on cir- 
culation and mixing processes in the lake. In Chapter 7 the 
results of the foregoing chapters are used for some numerical 
calculations on vertical eddy diffusivity in the thermocline 
region, geostrophic.currents,/ and’ the} response of) the, lakeito 
varying wind conditions. Some remarks are also made on internal 
waves. Finally the residence time in the lake of a conservative 
parameter will be calculated using a model lake based on con- 
clusions reached in earlier chapters. 


To acquaint the reader with the shape and dimension 
of the Lake Ontario basin, a recently published bathymetric 
chart (Canadian Hydrographic Service) is reproduced in Fig. 0. 
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1.2 Thermal Regime? 


In this section a general outline will be given of 
seasonal variations in the thermal structure of the lake, and 
some of the consequences for mixing and circulation briefly 
mentioned. The description is partially based on the results 
of a literature survey, partially on conclusions substantiated 
in the remainder of this report, where a detailed study is Hede 
of the data collected in 1966 and 1967. 


1.2.1 Time Scale of Variations 


The thermal structure of Lake Ontario is continuously 
in a state of flux. The greatest changes are generated by the 
yearly cycle; superimposed thereon are many types of periodic 
and random disturbances of higher frequencies. The yearly cycle 
itself, in turn, can be considered as a perturbation on long 
term variations induced by changes in climate and aging of the 
lake. 


Long term changes in the lake temperature have not 
been studied in detail. Evidence from Lake Erie water intake 
temperature records seems to indicate a slight increase in mean 
surface temperature of about 0.2C° per decade over the past half 
a century (USDI, 1967-a), which is of the same order of magni- 
tude as the increase in the yearly mean air temperature reported 
for stations in southern Ontario (Thomas, 1957). Further 
studies are necessary, however, before any natural long term 
trends can be established beyond doubt. 


The higher frequency disturbances in the thermal 
structure, those which are superimposed on the yearly cycle, 
are induced by natural climatological variations. Strong winds, 
for example, may cause upwelling at the windward shores by 
causing a displacement of surface waters in an offshore direc- 
tion, ands» in. summer, a-tilting of) the, thermocline... This effect 
is most noticeable when the lake is well stratified; and it may, 
in summer, cause temporary local reductions in surface tempera-— 
ture. byeas ‘muchas 12.to 15c°. to alow of 4°c. Changes in wind- 
stress or barometric pressure may set up both surface and 
internal oscillations. Dominant among the internal oscillations, 
which manifest themselves as fluctuations in thermocline 
depth over a range of up to 8 metres or more (Mortimer, 1968), 
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ithe text for this subsection is partially taken from a paper 
submitted to the International Joint Commission by the present 


author. 


are frequencies around and above the intertial period of 17.4 
hours (Verber, 1966; Hamblin and Rodgers, 1967), and, to a 
lesser extent, those with a period of 4 to 8 days related to 
the passage of weather systems (Section 6.3). These oscilla- 
tions are coupled with large internal displacements of the 
water and are, together with wind induced turbulence and 
residual currents, effective agents in increasing the intensity 
of mixing over the entire area of the lake. 


The yearly cycle is the most important perturbation 
determining the thermal structure of the lake. It consists of 
two phases, a heating phase lasting roughly from mid-March to 
mid-September, and a cooling phase during the remaining part of 
the year (Rodgers and Anderson, 1961; Rodgers and Anderson, 
1963). Processes taking place during these phases are mainly 
determined by, or related to, the heat balance. Changes in 
thermal structure throughout the year can be described in terms 
of the four seasons of a lake-climatology, which correspond in 
time roughly,;to the \four (calendar seasons. 


In 245120 Spining 


The heating phase begins by mid-March. In winter all 
water cools to a temperature below the temperature of maximum 
density of 4°C. In late March or early April the surface temp- 
erature starts rising in the shallower, nearshore waters. The 
onset of spring can, in a lake-climatological sense, be defined 
by the appearance of a ring of water with a temperature above 
4°C along the shores in late April or early May. The trans- 
ition zone between these warmer nearshore waters and the colder 
mid-lake waters is called the thermal bar (Rodgers, 1966-I). 
This is a convergence zone, extending from surface to bottom, 
and it is characterized by strong horizontal temperature grad- 
ients at the lake surface (gradients up to 7C° over 100 metres 
have been reported by Rodgers, 1966-I). On the nearshore side 
of the thermal bar a thermocline develops, separating the 
rapidly warming surface water from the deeper water, which 
remains at a temperature close to the temperature of maximum 
density. The thermal bar moves gradually but steadily towards 
the middle until it dissipates, in late May or early June, due 
to heating of the mid-lake surface water to a temperature above 
that of maximum density. Relatively strong horizontal gradients 
around a temperature minimum somewhere over the deeper parts 
of the lake may persist until the énd of June. Typical surface 
temperature distributions for these phases are shown in Figs. l 
and FE, 4. 


The duration of the thermal bar period has been 
estimated by Rodgers (1966-II) to be roughly 4 to 8 weeks. Data 
available to the present author seem to indicate that this 
estimate may be somewhat on the low side. Charts of the thermal 
structures in 1959 (Rodgers and Anderson, 1963) , 1965e(hodgere, 
1966-II) and 1968 (DOT, Lakes Investigation Unit, airborne 
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radiometer charts) indicate for the onset of the thermal bar the 
approximate dates of May 1, May 10 and April 23 respectively and 
for the dissipation June 25, June 20 and June 14 respectively. 
The average duration of the thermal bar period for these years 
is about 7 to 8 weeks rather than 4 to 8 weeks. Upon dissipa- 
tion of the thermal bar it still takes 3 to 4 weeks before the 
mid-lake temperature minimum disappears (Section 3.1.1). 


On the offshore side of the thermal bar vertical 
mixing extends from surface to bottom, but on the nearshore 
Side it is restricted to within the epilimnion (Rodgers, 
1966-II) by the development of the thermocline. The areal 
extent over which pollutants entering the lake can be mixed is 
temporarily reduced when the thermal bar separates the nearshore 
waters from the main body of the lake. Its offshore movement, 
however, is fairly rapid and the nearshore ring of water will 
cover at least half the area of the lake within 4 weeks after 
the emergence of the thermal bar. 


1.2.3 Summer 


The beginning of the summer season in Lake Ontario 
can be defined by the disappearance of the offshore temperature 
minimum in late June, early Julyl, by the combined effects of 
continued heating and advection of nearshore surface waters 


towards, the|middle of the lake;,. Surface temperature iminima 
occurring during the summer are always related to upwelling 
phenomena and are, consequently, very close to shore. Typical 


summer distribtitions, are shown in Figs. F.l0jand F.23; the fiyse 
of these is characteristic for a period with strong westerly 
winds, the second for a period with weaker or more variable 
winds. The isotherms tend to run in a ENE - WSW direction and 
are usually not related to the depth contours. The epilimnion 
is separated from the hypolimnion by a strong thermocline, the 
average gradient of which is between 1 and 2.5C° per metre over 
a temperature interval of 6 to 8C°, and the average depth of 
which is about 17 metres. The lake mean surface temperature 
does not vary much during the summer and usually remains between 
18 and 21°C; the hypolimnion temperature varies slightly with 
depth, but, in this season, not with time, and ranges between 
4.0 and 3.8°C. The downward rate of displacement of the thermo- 
cline is strongly dependent on wind induced turbulence, and thus 
On wind strength, and is, after its initial establishment, 
fairly low throughout the summer. 


ithe information presented in this paragraph is based on 
data from 1966 to 1967, but can be considered to be 
representative for conditions in most summers (Section 2.3 
and Chapter 3)% 


Local characteristics of the thermal structure are to 
a large extent determined by the residual eastward component of 
the winds (about 150 cm/sec for Toronto International Airport). 
As a result the average surface temperature is about 6C° lower 
in the vicinity of Toronto than in the southeastern end of the 
lake, and the thermocline slopes by about 5.5 cm/km over the 
longitudinal axis of the lake, being on the average about 13 
metres deeper near the southeastern shore than near Toronto. 
A typical summer-mean temperature distribution is shown in Figs. 
13 and 18, which are based on data collected at two-week 
intervals in 1966 and confirmed by material collected in 1967. 
The Meanisuriace eemperature; distribution is shown in Fig. 13), 
and the mean thickness of the epilimnion, as defined by the 
depth of ithe,,l0SCtisotherm, fis shown ‘in Fig. 18. 


Vertical mixing is confined to the epilimnion, which, 
in the summer, contains about 10 to 20 percent of the volume of 
water in the lake. Evidence from the horizontal distributions 
of temperature and of various chemical parameters suggests that 
the lake is horizontally well mixed throughout this period 
(Chapters 3 and 4). These distribution patterns show no evid- 
ence for the hypothesis that pollutants released along the 
southern shore are retained in an eastward water movement along 
this shore, but indicate that the water carried in this current 
becomes well mixed with the surrounding surface waters before 
it reaches the northeastern section of the lake. 


1.204 a .Pall 


The cooling phase starts in the second part of 
September. In particular, the onset of autumn in a lake-climat- 
ological sense is characterized by a relatively sudden drop in 
the mean surface temperature to a value well below 17°C, coupled 
with an increase in the rate of descent of the thermocline and 
a decrease in the intensity of the maximum vertical temperature 
gradient. This usually occurs after a period of hard winds in 
late September or early October, but the basic cause is the 
cooling and subsequent sinking of the surface water when the 
heating season gives way to the cooling season. Some of the 
processes taking place in autumn are similar to those in spring 
(Rodgers, 1966-I). Nearshore waters cool faster than those in 
the centre of the lake, eventually giving rise to the appearance 
of a "reversed" thermal bar in late fall, when nearshore waters 
have cooled to below the temperature of maximum density and 
mid-lake waters have remained relatively warm. The fall thermal 
bar, which has a much weaker gradient than the spring thermal 
bar, will again move in an offshore direction until it-event- 
ually dissipates in January, when all surface water has cooled 
to below 4°C. A typical temperature distribution for autumn 
shows the situation shortly before the emergence of the weak 
(reversed) thermal bar (Fig. 2). 
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The depth to which vertical circulation is effective 
increases with the rapidly increasing depth of the thermocline 
and reaches the bottom when the surface temperature drops to 
near the temperature of maximum density. The fall thermal bar 
may temporarily interrupt mixing over the total area of the 
take, buthits effect on the rate of dilution of a pollutant ifs 
even less important than that of the spring thermal bar. This 
is due to its lesser intensity as well as to the fact that 
water on the nearshore side of the fall thermal bar is not 
stratified. 


2. oe Winter 


The onset of winter can be defined, in a lake-climat- 
ological sense, by the cooling of all surface water to a temp- 
erature below 4°C. Surface isotherms tend to be parallel to 
the depth contours in this season and the water temperature is 
vertically uniform or increases slightly with depth (Rodgers and 
Anderson, 1963). Cooling thus proceeds by a loss of heat from 
all depths, and the temperature maximum occurs near or over the 
deepest part of the lake. Vertical circulation extends, at 
least occasionally, to a depth of 100 metres or more, as is 
evidenced by the decrease in hypolimnion temperatures throughout 
the winter. Ice may develop in the nearshore regions, and 
expecially in the relatively shallow region north of Main Duck 
Island, but it seldom covers more than a small fraction of the 
lake surface (Anderson et al, 1961; Wilshaw et al, 1965; Rondy, 
1967). A typical temperature distribution for late winter, 
just before the appearance of the spring thermal bar, is shown 
im Big.« 2: 


1.2.6 Consequences for Mixing and Flushing 


The lake is, in general, well mixed over its total 
volume during late fall, winter and early spring, as is evid- 
enced by the fact that seasonal temperature variations are 
reflected at all depths. Vertical circulation probably reaches 
a maximum intensity during the spring and fall overturns in 
early spring and late fall respectively. During the remaining 
part of the year, when the lake is stratified, the epilimnion 
and hypolimnion each appear to be well mixed over the total area 
of the lake. The epilimnion, however, is separated from the 
hypolimnion by the thermocline, which acts as a "diffusion 
cloor" « 


Finally, it may be mentioned that lake stratification 
during part of the year hardly affects the natural displacement 
rate of a conservative pollutant in the water. A conservative 
pollutant is one which neither disintegrates nor participates 
in bio- or geochemical processes. If a large amount of such a 
pollutant were injected into the lake, a period of 20 years 
would be required for a 90% reduction of the amount of material 
initially injected, regardless of whether the lake were 
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stratified in the summer or not (Chapter 7). This time, 
however, could be prolonged considerably if the material in 
question were to enter cyclical reactions of a biochemical or 
geochemical nature. 


ND TECHNICAL SURVEY: 
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2. DATA AND METHODS 


2.1 Limnological Data 
2.1.1 Sampling Program 


In 1966 a series of 9 monitor cruises were made. at 
regular bi-weekly intervals between June 9 and September 30. On 
each of these cruises the same 47 stations, distributed evenly 
over the lake in a triangular pattern with distances of 22 km 
between stations (Fig. 4), were sampled at standard depths of 
Peg 2Uyee, OU, 75, 100, 22 >0eand, 200 metres.*.The/1967 field 
season was somewhat longer, and a total of eleven monitor 
cruises were made between June 12 and November 1. The station 
pattern was redesigned and chosen to give an optimum amount of 
information on the horizontal distribution in areas with 
relatively large fluctuations and strong horizontal gradients 
(Fig. 5). Sampling depths were similar to those in 1966. 


All samples were analysed for about 15 different 
parameters, such as temperature, oxygen, specific conductance, 
PH hardness, chloride, total alkalinity, various nutrients, 
turbidity and some bacteriological parameters. In the present 
report only the first seven of these will be discussed. 


In addition to this two other types of measurements 
were made: my vertical temperature proriles*’ on each station, 
using a bathythermograph, and (2) continuous surface 
temperature records, using a towed thermister suspended from a 
boom extending a few metres beyond the side of the ship and 
towed at a depth of 0.5 metres below the surface. 


2.1.2 Methods and Instrumentation 


Some of the methods used to determine the concentra- 
tions of the chemical parameters have been described in a report 
by the Working Committee on Methodology of the International 
Joint Commission (1966). Other methods, which have not yet been 
described in detail, are adaptations with only minor modifica- 
tions of methods described elsewhere. 


Oxygen was determined by the Winkler Method 
(Strickland and Parsons, 1965) and expressed in mg O59 per liter... 
The percentage saturation of oxygen was read from graphs giving 
the relation between temperature, dissolved oxygen and 
percentage saturation oxygen for distilled water at a pressure 
equal to the average barometric pressure at the surface of Lake 
Ontario (Dobson, 1968). Specific conductance was measured in 
Amhos/cm with a Wheatstone bridge (ASTM, 1966) and the 
measurements have been corrected to a reference temperature of 
18 and .25°C respectively for the 1966 and 1967 observations. 
Hardness was determined by titration with EDTA (Standard 
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Methods, p. 147; APHA, 1965) and total alkalinity by titration 
with sulfuric acid to the equivalence pH of carbonic acid 
dissociation (Thomas and Lynch, 1960). The units for both are 
mg CaCO3/1. Chloride was measured colorimetrically (ASTM, 1966) 
and expressed in mg Cl/l. The techniques for measuring the last 
three parameters were adapted to a Technicon auto-analyser; 
details of these adaptations are described in the report by the 
Working Committee on Methodology of the International Joint 
Commission. In 1966 all analyses were carried out on board 
ship, in 1967 samples were taken back to shore for hardness and 
total alkalinity. 


Temperature profiles were measured using reversing 
thermometers and bathythermographs. The surface temperature 
was measured with a thermistor and recorded on paper strip chart 
installed in the laboratory. The latter equipment did not 
function properly during a large part of the 1967 field season. 
The sampling depth was measured with a meterwheel. 


2.1.3 Confidence Limits for the Data 


In Table 1 a summary is given of the 95% confidence 
limits (2 standard deviations) of the data. These are based on 
estimates of the precision of the measurements by the agencies 
responsible for the analyses. In the last two columns similar 
statistics are given for 1966 and 1967, but based on an analyses 
of the variability of the hypolimnion data by the author. The 
variability is defined as twice the mean standard deviation of 
all the 75 and 100 metre level observations for each field 
season, and the statistic thus is a measure of purely random 
errors as well as natural variability and geographical gradients 
in the data. In most cases the variability is somewhat higher 
than the precision estimate, as can be expected. Differences 
between the estimated precisions for the two years are largely 
incidental, and are probably caused by minor variations in 
instrumentation and by the difference in personnel involved in 
the measurements. 


The 95% confidence limits of cruise-mean hypolimnion 
values can be calculated from the variability of the data by 
dividing the latter by the square root of the number of observa- 
tions. »Thissrelationpthowever, is valid only if «the variability 
is of a Gaussian random nature; it does not hold in the presence 
of natural horizontal gradients or time dependent errors. The 
cruise to cruise variations in the mean hypolimnion values of 
total alkalinity, hardness and chloride in 1966 and of pH and 
specific conductance in 1967, however, are far too large to be 
explained as due to random errors and too erratic and mutually 
unrelated to be explained as natural time dependent fluctuations 
(see numbers in the Figs. 47 and 50). In the opinion of the 
author, these variations are largely artificial and are caused by 
the use of inaccurate standards and by changes in the sensitivity 
of the equipment. The arguments leading to this conclusion are 
substantiated in Appendix A. 
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In this appendix it is shown that the variability in 
the measurements of some parameters cannot be explained in terms 
of Gaussian random errors and natural geographical and temporal 
effects only. In some instances the variability is to a large 
extent caused by so called "quasi-random" errors, caused by 
Slow changes in sensitivity and/or calibration of the equipment. 
These quasi-random errors seriously limit the usefulness of the 
data affected for the study of horizontal distribution patterns, 
because they may give rise to artificial horizontal gradients, | 
as is explained in Appendix A. 


Temperature and oxygen data are relatively or 
completely free of quasi-random errors, and so are specific 
conductance and pH data for 1966. In 1967, however, the latter 
two have been measured less accurately (Table 1), and natural 
geographical gradients are often partially or completely masked 
by fictitious gradients caused by quasi-random errors. The 
distributions of hardness, total alkalinity and chloride are for 
most cruises of doubtful value. In Appendix F the horizontal 
distributions of all but the latter three parameters have been 
shown for all cruises for which the data are meaningful. 


The cruise mean values of hardness, total alkalinity 
and chloride, however, have been used. Under the assumption 
that the hypolimnion concentrations are almost constant 
throughout the summer, as is, for example, the case with 
temperature, conductance and pH in 1966, seasonal variations 
of the epilimnion concentrations can be calculated by 
subtracting the two averages. The results are shown in the 
Figs. 47 and 50, and discussed in Section 5.2. 


2.124° Processing: of *the-Data 


The data have been analysed in various ways. Four of 
the basic procedures used are: 


1. Cruise by cruise plots of the horizontal distributions 
at various levels. 


2. Computations of cruise average profiles, by taking, 
unless otherwise specified, weighted means at the 
standard depths. 


3. Time series studies of the means for the whole lake, 
and for parts of the lake, at the surface and at various 


subsurface levels. 


4. Computations of mean horizontal distributions for the 
summer. 


Horizontal means of the 1967 data have been calculated 
using weighing factors proportional to the area for which each 
station is considered to be representative (Fig. 5). No 
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Fig. Locations and weight factors of the 1967 
monitor stations. 
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weighing factors have been applied to the 1966 data, since the 
monitor stations are distributed much more evenly over the lake. 


The temperature data have also been used for a number 
of other calculations, such as heat storage, vertical eddy 
diffusivity, characteristics of the vertical temperature gradient 
in the thermocline layer, cyclic variations in thermocline depth, 
and horizontal water movements. The computational techniques 
used will be outlined in the respective sections. One technique, 
however, will be discussed here since reference to it is made 
throughout the report. 


The mean vertical temperature profile of a number of 
data can be defined in two ways. The first, and most commonly 
used, definition consists of defining a mean profile T(z) by 
averaging all observations at each level: | 


ulie N 

T(z) = A ae w, | (2) (2. la) 
N zl t € 

Wielerwe ald tna), - l,2,..6-,N, ave the’ wergnt aectors and 


the observed temperature profiles respectively. Chemical 
profiles have only been determined using this equation. The 
second definition, which has been discussed in detail ina 
recent paper by the author (1969), consists of averaging the 
depths of the isotherms. The individual temperature curves in 
this case have to be described by a function Z;(@), where the 
depth Z is the dependent variable and the temperature 8 the 
independent variable. The mean profile is then defined by: 


NY 
Z(0) = < pis 160, VAC) bQontbd 


ee] 


(Capitals T and Z denote dependent variables, lower case letters 
z and 8 independent variables). This technique can only be used 
if Z;(8) is unique for every value of @ , that is, if the 
temperature is a monotone decreasing function of depth. ‘This is 
the case during the summer, when Lake Ontario is stratified. 

The function 7(8@) has a number of characteristics that are of 
importance in the following discussions: 


(i) The maximum gradient of Z(8) is roughly equal to the 
average of the maximum gradients of the temperature 
profiles at each of the stations, and gradients at 
other points (z,@) of the curve are about equal to 
the mean gradient of the individual observations at 
the corresponding temperature. The maximum gradient 
of T(z) is in general much smaller than the average 
of the maximum gradients of the individual curves. 
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(ii) The depth below the surface of any point of Z(9) is 
directly proportional, to .the .amount .of water inthe 
lake with a temperature equal to or higher than the 
temperature of that point. 


(iii) 2Z2(8) reaches the surface at a temperature equal to the 
highest temperature observed during any particular 
cruise ,and, intersects the ,function.1(z), near the depth 
maximum gradient. Above this depth Z2(8) indicates 
higher temperatures, below this depth lower tempera- 
tures than T(z). In a situation where the depth of 
the thermocline is disturbed by internal waves only, 
the difference is roughly proportional to a product of 
the amplitude of the internal waves with the second 
derivate of the vertical temperature gradient at this 
Leven. 


(iv) The mean depth of an isotherm is, unlike the mean 
temperature at any level, in first approximation 
independent of internal wave action. 


Both.the.T(z).and,the 27(#) prefiles for each cruise 


have been calculated. The former are given with the horizontal 
temperature distribution charts in Appendix F, the latter have 
been plotted in.Figs.;26. and 27.. .Both are used.for calculations 


of the,;verticalcoef£ficient..of eddy; diifusivity,, and.zif), has 
also been used to describe the mean vertical temperature gradient 
in the lake. 


2.2. Other vdata 


Meteorological data were taken from the Monthly 
Meteorologacak Summaries for Toronto-Iitéernatienal Airport, 
published by the Department of Transport, and from records of 
the weather observations carried out on board the M.V. Brandal 
in 1966 and the M.V. Theron in 1967. The wind data for the 
shore-based meteorological station consist of observations 
once every hour of the mean wind speed during the past hour and 
the instantaneous direction at the moment of observation. Daily, 
weekly and monthly means have been computed by taking vector 
averages of the hourly wind speed and direction observations. 
Shipboard weather observations are taken once every three hours 
and reflect conditions. at. the time. of, observation. 


Water intake data from four public utility plants, 
three in the vicinity of Toronto and one near Rochester, were 
kindly made available by the sampling agencies (Table 2) and 
obtained with help of the University of Toronto and of the 
Rochester Program Office, FWPCA, respectively. 


2 «8 Representativeness of the Data 


The spacial distribution of most parameters is closely 
related to the thermal structure of the lake. This, in turn, is 
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largely determined by external factors such as winds and the 
exchange of energy through the air-water interface. The 
representativeness of the lake-wide distribution patterns of 
most parameters thus can be judged to a large extent from the 
representativeness of the meteorological conditions. 


The 1966 and 1967 wind data for Toronto International 
Airport are summarized in Table 3 and compared with 10-year 
averages for the period of 1956 through 1965 (DOT, 1966). Data 
for a shore-based meteorological station are not completely 
representative for conditions in the open lake (Richards et al, 
1966). It may be assumed, however, that the year-to-year varia- 
tions in the climate over the lake and over the surrounding land 
areas are similar, since both reflect the overall weather 
conditions in the area. 


Table 3 shows that the frequency of winds with an 
eastward or westward component is almost normal in both years, 
but that the residual wind has a higher than average component 
towards the east in 1966 and, especially in June and July, a 
lower than average eastward component in 1967. The mean wind 
speed is close to average in 1966, but is considerably lower in 
1967. The largest difference occurs during the months of July 
and August, when the mean wind speed reaches record low since 
meteorological observations started at this location in 1938 
(DOT, 1967), being 281 cm/sec versus a 30-year mean of 375 
cm/sec. This difference is examplified by the fact that strong 
winds were extremely rare in this period: winds exceeding 580 
cm/sec (Beaufort speed 5 or over) and 850 cm/sec (Beaufort speed 
6 and over) occurred only 9.0 and 0.5% of the time as compared 
with 20% and 3.4% respectively in the period of 1956 through 
1965. In 1966,-o0n thes other) handy, the frequency” of occurrence 
of strong winds was about normal. The effect on the lake of 
these differences in the wind conditions may be larger than 
suggested by Table 3, since the windstress is proportional to 
the square of the wind speed. The summer mean windstress in 
1967 is just over half of the mean windstress in 1966 (Table 
LO) 


The thermal structure thus can be expected to be close 
to "normal" in 1966, but there may be important differences 
between the patterns observed in 1966 and 1967. 


The representativity of the 1966 data has also been 
Studied by comparing the monitor cruise data with continuous 
temperature observations obtained from two water intakes, 
located near Toronto and Rochester respectively (Fig. 6). The 
summer-mean temperature of the Rochester water intake, situated 
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winds 
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towards S ua. Og moe 36 87 -67 
5.6 =65 iL. : ei 2 ~l2 28 
"66 Bey Bike jl 305 386 440 
hh ee '67 315 257 307 377 386 
] a) 
(cm/sec) 56-65 an3od 364 364 382 404 
Table 3 A comparison of the 1966 and 1967 wind data for Toronto 


International Airport with 10-year mean data for the 
period of 1956 through 1965. The percentage of winds 
blowing towards the east includes all winds blowing 
from NW, W and SW. 


22 


Yy3SEW31d3S 


"996T AowUMsS 


‘(ayequt zaqem Ajunod sorUuOW) AezSeyooYy pue 
(quetd stazeH *‘O°uY) OQUOCIOY, UT seAznjzereduez 
SyeRUT TaqzeEM SNSzZeA (JAOdATW TeuoTZeuIS,UIL 
ORUOAOL) PUTM 9sYyy JO YusuOodulOD 4seg 9 ‘btg 


isnonv 


QYDJU| JOJDM SIZIDH' OY 
ayDjU| 4ayOAA ApuNoD BOsUOW 


QINJOIVAdWa| JOJO 


Sanne 


‘VW OLNIYOL 
Sp4omo} ariyisodtoas/wo ul} 


PUI BY} JO JuauodWOD 4SOZ 


23 


1800 metres offshore at a depth of about 12 metres, is 17.7°C. 
The mean temperature for the RC Harris water intake near 
Toronto, situated 2900 metres offshore at a depth of 11 metres, 
is 10.8°C. The average of the temperatures measured at these 
stations during the cruises made in the same period deviates by 
bess~thans0. 2c? ;fromithehovyerabiiavenages, sindicatingsthat the 
cruises form a representative sample of the summer. 


In Section 3.6 the representativeness of the 1966 and 
1967 data will be discussed in the light of earlier observations 
(such as those of Rodgers and Anderson, 1963). 


2.4 Definitpbons 


Some of the definitions used in this report differ 
from the generally accepted definitions. The reason for this is 
that they have been adapted to the analytical procedures used in 
Studying the data. For practical purposes the difference is 
usually not important, although the definitions presented below 
may seem to be less accurate from a theoretical point of view. 


The thermocline, unless otherwise indicated, is defined 
as the depth of the 10°C isotherm rather than as the depth of 
maximum vertical gradient. This simplifies the analysis of the 
data, since the depth of the 10°C isotherm is less dependent on 
transient effects than the depth of the maximum gradient. The 
latter may, for example, shift up and down not only with 
internal waves but also with the intermittent formation of 
secondary thermoclines. In Lake Ontario the two levels are 
usually very close together, at least in the summer, and the two 
terms will be used interchangeably in this report. On a few 
cruises in early spring or late fall, however, the proposed 
definition is not.satisfactory, and the depth of the thermocline 
is approximated by the depth of, for example, the 7°C isothermal 
surface. 


The epilimnion is usually defined as a layer above the 
thermocline with small or no vertical temperature gradients, the 
hypolimnion as a similar layer below the thermocline. The 
transition zone, in which there is a strong vértical temperature 
gradient, is called the thermocline region. The terms epilimnion 
and hypolimnion will occasionally be used loosely to refer to all 
water above and below the thermocline respectively. 
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3. THERMAL REGIME IN 1966 AND 1967 


In the introduction it was pointed out that the 
thermal regime can conveniently be described in terms of the 
four seasons of a lake-climatology, and definitions were proposed 
to mark the beginning and end of each of these seasons in terms 
of characteristic aspects of the temporal changes in thermal 
structure and mean temperature. It was concluded that the 
seasons thus defined correspond in time closely to the four 
calendar seasons. In the present chapter the 1966 and 1967 data 
will be discussed in view of this classification, and the choice 
of definitions delineating the seasons substantiated. 


In both years the field season commenced in late 
spring and continued untilvearlhy ‘fall?/cPor’the purpose %of the 
following discussion the cruises will therefore be grouped into 
three classes: late spring, summer and early fall. The thermal 
structure in these seasons, and especially in summer, will be 
described in detail. 


The thermal regime is strongly influenced not only by 
seasonal changes in the climate, but also by winds immediately 
prior to and during the period of observation. For that reason 
winds prior to and during each cruise have been plotted on the 
thermocline depth charts in Appendix F. The weekly vector-mean 
winds for Toronto International Airport are shown in Figs. 7 and 
8, which illustrate the consistency of eastward winds over the 
lake throughout both field seasons. Especially in 1966 the 
vector-mean wind varies little from week to week. 


3.1 >Horizontal Distributions 


The horizontal temperature distribution and depth-of- 
the-thermocline charts for all cruises are presented in Appendix 
F. In the top ‘lefthand corner of the Charts-the lake-mean 
temperature profiles, T(z), and the daily mean wind vectors 
respectively are shown. 


Schek [bate sSpring 


The first cruise in 1966 (Figs. F. 1 and F. 2) shows 
the situation shortly after dissipation of the thermal bar 
proper; a minimum surface temperature of about 4.5°C occurs over 
the deepest part of the lake. A large area with cold surface 
water, temperatures of 8°C and lower, extends over most of the 
deeper parts of the lake, covering about 25 to 30% of its area, 
and the isotherms run roughly parallel to the depth contours. 
The depth of the thermocline, which is approximated by the 7°C 
isotherm for this cruise, is very shallow over most of the lake. 
Near the shores it dips down to a depth of 10 metres or more, 
reaching a maximum depth of 25 metres in the far southeastern 
corner of the lake. 
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International Airport during the 1966 
field season. 
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Fig. 8 Weekly vector-mean winds for Toronto 


International Airport during the 1967 
field season. 
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Two weeks later, by the end of June, the surface 
temperature (Fig. F. 4) has risen considerably and the extent of 
the temperature minimum is reduced to about 12% of the total 
area of the lake. Vertical circulation decreases rapidly in 
intensity upon formation of a thermocline in the mid-lake 
minimum in early June, and the location of this minimum con- 
sequently is influenced to a much larger extent by external 
forces, such as windstress, than during the thermal bar period 
earlier in spring. Under the influence of prevailing westerly 
winds it has been moved closer towards the eastern shore, and 
the isotherms are no longer parallel to the depth contours. The 
uhermociime (Fig. F. 5).which for this and allitda@ter cruises is 
approximated by the depth of the 10°C isotherm, is still shallow 
Over a large part of the lake, again dipping down near the shores 
and reaching a maximum depth of 20 metres in the far southeastern 
corner. 


Me Tveersteruise in. 1967, (mid-June, Figs, (Fi. S6iand 
F.5/7) shows a pattern roughly similar to that of the early June 
1966 cruise, with a temperature minimum of 8°C over the deepest 
part of the lake, an area with low surface temperatures extending 
Over most of the deeper parts of the lake covering about 25% of 
its area, anda shallow thermocline sloping downwards near the 
shores. The early June 1966 cruise shows the situation a few 
days after dissipation of the thermal bar, the mid-June 1967 
cruise, however, follows about one to two weeks after its 
dissipation. 


During the late June 1967 cruise (Figs. F.61 and F.62) 
the thermal structure is very complicated. The mid-lake temp- 
erature minimum has a very complex configuration, and a second 
minimum, caused by upwelling, appears near Toronto. In both 
areas the surface temperature drops to about 10°C, elsewhere in 
the lake temperatures are 17°C or over. This pattern is 
reflected in the distribution of the thermocline depth, which is 
about 10 metres over most of the lake, showing two minima of 
less than 5 metres corresponding in location to the temperature 
minima, and sloping downwards to a maximum of 30 metres just 
east of the mouth of the Niagara River. The concurrent appear- 
ance of two minima and the rather complicated distribution of 
the surface temperature are related to the variable, but rela- 
tavely strong, winds in the period immediately prior to-and 
during the cruise. 


S.lo2 “Summer 


The next six cruises in both years, sampled between 
early July and mid-September, show thermal patterns that are 
typical for the summer. The temperature minimum, with the 
exception of a short period in late July 1967 (Fig. Pe) Pas 
always close to the northwestern shore, the maximum close to the 
opposite shore. The direction of the isotherms is no longer 
related to the direction of the shorelines or to the depth 
contours, and the lake-mean surface temperature 15S fairly. con 
stant, fluctuating between 18 and 21°C (Figs, 9 and’ 10). The 
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Cruise mean temperatures for the period of 
June through September 1966 at the surface 
and at a depth of 20 metres, compared with 
mean temperatures for the eastern and 
western halves of the lake and with means 
for a group of stations in the Oswego 

and Toronto regions respectively. 
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SURFACE TEMPERATURE (°C) 


TEMPERATURE (°C) at 20 metres 


Fig .ond Cruise mean temperatures for the period of 
June through October 1967 at the surface 
and at a depth of 20 metres, compared with 
the mean temperatures for the eastern and 
western halwes of the lake. 
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thermocline depth (Figs. 11 and 12) likewise usually reaches a 
minimum in the northwestern part of the lake and slopes down- 
wards towards the southeastern end. 


In early September 1966 (Fig. F.42) a secondary max- 
imum in thermocline depth appears near Hamilton, but it covers 
only a relatively small area and the surface temperature shows 
no corresponding minimum. During the early part of this cruise 
the wind direction changed from a generally eastward to a west- 
ward direction. This, perhaps together with a strong internal. 
seiche, may have caused the second maximum in thermocline depth, 
which, however, is confined to a narrow strip along the shore. 
Adjacent to this strip is a large area where the thermocline is 
at a minimum depth, and the mean thermocline depth in the 
western half of the lake is still much less than that in the 
eastern half (Fig. 11). The reversal of wind direction thus is 
sufficient to cause a local convergence of water on the western 
shore, but the westward wind is not strong and/or persistent 
enough to cause a complete redistribution of epilimnion water 
and a reversal of the east-west slope of the thermocline (see 
also Chapter 4). 


In mid-September 1967 an interesting, elongated area 
of minimum thermocline depth occurs off the southern shore 
(Fig. F.94). Around this area the thermocline slopes downwards 
from a minimum of 6 metres to a depth of 12 to 20 metres or 
more. The pattern may reflect a temporary gyre with a confined, 
perhaps almost jet-like, eastward current along the southern 


shore. In early August a curious temperature minimum of small 
areal extent occurs in the middle of the lake between Toronto 
and Niagara (Fig. F.78). This coldspot, in which the surface 


temperature drops to a minimum of toect, may have originated in 
the vicinity of Toronto during the previous upwelling period. 
During a seven day period immediately precediing the cruise the 
winds were very weak and variable, and it therefore seems 
likely that the coldspot is at least a week old. It may have 
Originated in the previous upwelling period and drifted south- 
wards. In this case, however, it is not clear how a small area 
like the one observed can maintain such a low minimum tempera- 
ture in its core over so long a period, unless it is the centre 
of a counter-clockwise gyre. The author has no plausible 
explanation for either the apparent longevity of the observed 
coldspot, if it developed before, or for its origin, if it 
developed during the one week period in which the winds were 
weak and variable. No evidence for even the slightest tempera- 
ture minimum in this region is found on any of the other 
cruises. 


3 4 : , 
This coldspot is obvious from reversing thermometer 
observations as well as from the towed thermister record. 
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The magnitude of the east-west gradients in tempera- 
ture and in thermocline depth vary considerably from cruise to 
cruise. Very strong upwelling with surface temperatures in 
some locations dropping to below 14°C, and sometimes as low as 
8 to 10°C, is observed on roughly half of the cruises, spread 
out more or less evenly over the summer. The median dates of 
these cruises are 7 July, 22 July and 31 August 1966, and 27 
July, 23 August and 7 September 1967 respectively (Figs. F.10, 
Ppl, ee So,0r.72, F.83' and F.88). Under anfluence ofthe’ domin- 
antly eastward component of the wind the coldest surface water 
is in all these cases found in the vicinity of Toronto or else- 
where along the northwestern shore. The thermocline (Figs. F.1l, 
F.18, F.36, F.73, F.84 and F.89) also shows a strong east-west 
tilt, sloping downwards towards the east, sometimes reaching a 
maximum depth as high as 45 metres in the vicinity of Oswego, 
while reaching the surface at the opposite side of the lake. 


During the other six cruises the surface temperature 
GistEeibucion (Fags, Ft23,..6F.29,; F417 Fr67, F.u7v8 %and K.93) is 
relatively uniform, and the thermocline slope (Figs. F.24, F.30, 
F.42, F.68, F.79 and F.94) generally much less, although tempera- 
tures are consistently lower and the thermocline shallower in 
the western section of the lake than in the eastern section. 


The spacial distribution of temperature during the 
summer season is summarized in Figs. 13 through 24, showing the 
mean temperature distribution at various levels and the mean 
depth of the thermocline for the period of early July to mid- 
September in 1966 and 1967 respectively. The patterns for the 
two years are almost identical. 


The surface temperature near Toronto is usually well 
below the lake-mean surface temperature, as was pointed out 
before. The magnitude of this phenomenon is clearly illustrated 
by Figs. 13 and 19, showing a difference in the summer-mean 
temperatures near Toronto and near Oswego respectively of about 
7C°. This difference extends downwards to the lower end of the 
range of depths over which the thermocline fluctuates, and it is 
Still noticeable at a depth of 50 metres. It can be explained 
Seiterms of a Hilt ofthe thermocline due.to.the forcing effects 
of the predominantly westerly winds. The thermocline itself is 
about 16 metres deeper near Oswego than near Toronto, which 
corresponds to a mean slope of 5.6 cm/km over the longitudinal 
axis of the lake. 


The surface isotherms in the western end tend to run 
parallel to the northwest shores. Elsewhere they also follow 
a generally NE-SW direction, with a tendency to become approx- 
imately parallel to the shores close to the southern and eastern 
boundaries of the lake. Isotherms at the deeper levels, 
however, show a stronger tendency to run parallel to the depth 
contours, as do the iso-depth lines of the 10°C isotherm. 
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Summer-mean surface temperature distribution 
in 1966. 
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Summer-mean temperature distribution at 
the 30-metre level in 1966. 
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MEAN TEMPERATURE (°C) 
depth 50m 
4 July -16 Sept. 1966 


Pigs: ule Summer-mean temperature distribution at 
the 50-metre level in 1966. 
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Figz.16 Summer-mean temperature distribution at 
the 75-metre level in 1966. 
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Fig. 17 Summer-mean temperature distribution at 
the 100-metre level in 1966. 
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Fig. 18 Summer-mean distribution of the depth of 
the 10°C isotherm in 1966. 
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MEAN TEMPERATURE (°C) 
depth 1m 
10 July- 20 Sept. 1967 


Fig4,19 Summer-mean surface temperature distribution 
in 51967... 
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Fig. 20 Summer-mean temperature distribution at 
the 30-metre level in 1967. 
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the 50 metre level in 1967. 
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Eig, 22 Summer-mean temperature distribution at 
the 75-metre level in 1967. 
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Fig. 23 Summer-mean temperature distribution at 
the 100-metre level in 1967. 
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Fig. 24 Summer-mean distribution of the depth of 
the 10°C isotherm in 1967. 
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The location of the temperature minimum in the western 
end of the lake changes with depth. At the surface and 10 metre 
levels. itvoecurshcLosestonthe Toronto~shore;, at tne 20, and 350 
metre levels it has shifted towards the middle of the lake and 
is separated from all shores by a band of warmer water. At the 
30 metre level, for example, the minimum temperature in both 
years is reached midway between Toronto and the mouth of the 
Niagara River. Temperatures near the Toronto side are up to 2C°® 
higher, near the Niagara side up to 0.5C° higher than in the 
middle. This mid-lake temperature minimum is also reflected by 
the average depth of the 10° isotherm, which in the centre is 9 
metres, a few metres less than near the Toronto and Hamilton 
shores, and about 4 metres less than near the southern shore. 
Increased vertical mixing in shallow water can depress the 
thermocline near the shores, but this is usually a more local 
effect than suggested by the observed patterns (Figs. 18 and 24), 
and thus cannot completely explain the observed distribution. 


The mid-lake temperature minimum at intermediate 
depths suggests the possible existence of a fairly consistent, 
counter-clockwise rotation of waters in the layers above the 
thermocline, causing a westward current along the northern 
shore and an eastward current along the southern shore. 


The mid-lake temperature minimum is most obvious in 
the west end of the lake. The fact, however, that both the 
isotherms in the deeper levels and the iso-depth lines of the 
thermocline tend to run parallel to the shores, suggests that 
the mid-lake temperature minimum would extend over most of the 
deeper parts of the lake if this were not masked by the overall 
east-west slope of the thermocline. This, in turn, may indicate 
that the counter-clockwise rotation may circle the whole lake 
rather ‘than only the fan western corner. 


In the hypolimnion the horizontal temperature gradients 
are greatly reduced, and at the 150 metre level the temperature 
is so nearly homogeneous that the avarlable data do not tindiecece 
any Significant horizontal temperature gradients. At inter- 
mediate depths, notably at the 75 and 100 metre levels, a very 
interesting temperature maximum is found at a station 14 km 
south of Prince Edwards*"Point (Station-13,-see Figs4, and 
Station 49, Fig. 5), which will be discussed in more detail in 
seetion O44 2. 


The persistency of the east-west gradients in tempera- 
ture and thermocline depth is related to the predomination of 


eastward winds throughout the two summers. This is illustrated 
well by Figs. 7 and 8, showing the weekly mean vector winds for 
Toronto International Airport. Periods with westward winds 


never lasted long enough to reverse the direction of these over- 
all gradients, although they may have considerable local 
influence, as was pointed out. In the Sections 6.2 and 6.3 some 
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calculations are made relating the east-west slope of thermo- 
cline depth to mean wind strength and to the time needed for 

the lake to respond to a change in wind conditions by a complete 
reversal of east-west gradients. 


3.1.3 Early fall 


The last cruise in 1966 (late September) indicates the 
onset of fall in the thermal regime, which is characterized by a 
rapid turbulent downward mixing of the thermocline and a rapid 
decrease of the average surface temperature. Within a two week 
period the average surface temperature drops by almost 5C° to 
13.9°C, and the intensity of the vertical temperature gradient 
in the thermocline region decreases to half its original value 
(Section 3.3). The onset of the fall regime coincides with a 
reversal of the net heat flow through the surface of the lake 
from a gain into a loss. The resulting convective downward 
mixing of the cooled surface waters causes an "erosion" of the 
thermocline (Tully and Giovando, 1963). This effect is 
strengthened by a period with strong winds just prior to the 
cruise. 


In 1967 the onset of the fall regime becomes obvious 
in the early October cruise, which also shows a drop in mean 
surface temperature of 5C° from an average of 19°C during the 
previous cruise. The maximum vertical temperature gradient 
decreases considerably, and the thermocline depth ranges over an 
interval of more than 43 metres. Both this cruise and the late 
September 1966 cruise show strong upwelling along the north- 
western shore, caused by strong winds immediately prior to the 
start of the cruises. 


The trends indicated by the results of the early 
October cruise in 1967 continue during the mid and late October 


cruises. The thermal structure is irregular and strongly 
incluenced by the wind, and upwelling seems to be a regular 
feature. Theoretically, the cooling should proceed more rapidly 


in the shallow, nearshore waters than in the middle of the lake, 
and the isotherms should align themselves more or less with the 
shorelines and depth contours. This effect, however, is com- 
pletely masked by other phenomena, such as upwelling. It pro- 
bably does not become dominant until the thermocline has 
descended much deeper. Neither of the two field seasons studied 
extended late enough in fall to observe this, but Rodgers and 
Anderson's (1961) data and the ART temperature charts of the 
Lakes. Investigations Unit, {DOT 101968) A1llustrates that the-asor 
therms tend to align themselves with the shores later in fall. 


3.2 Mean Temperature and Thermocline Depth 


Some of the characteristics of seasonal variations in 
the thermal structure arise very clearly from a study of the 
cruise-to-cruise variations in the lake-mean temperature and 
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thermocline depth and by comparing these with means for the 
eastern and western halves and for groups of stations in the 
Toronto and Oswego regions respectively (Figs. 9, 10, 11 and 
12). The eastern and western sections are separated by a north- 
south line dividing the area of the lake approximately into two 
equal parts; the position of the stations chosen as being char- 
acteristic for the Toronto and Oswego regions respectively 

shown in) Fig. (5sdiaThe: vertical, axisiiniFigs... ksandyl2 

indicates both depth and the ratio, in percent, of. the volume. 
of lake water above that depth to the total volume of the lakel, 
The latter scale can be used, for example, to define the volume 
of epilimnion water, or of a water mass within certain tempera- 
ture limits. 


S22. L 4) Late Sprang 


The average surface temperature rises rapidly during 
late spring: g,about 0 a2°Cuper uday \imoL9 66 tand,.0..4°C/day,-in "1967 
over the four week period between the first and third cruises, 
and the lake-mean depth of the 10°C isotherm increases at a rate 
of, about,25 om per) day from, 3. to. 11. metres, 1n.1966, and. fron +? eo 
14 metres in 1967. The difference in mean thermocline depth 
between the two years is partially due to a difference in the 
dates of the cruises, but its mean depth at comparable dates is 
somewhat larger in 1967 than in 1966. The temperature at the 20 
metre level increases only slightly during this period. The 
mean surface temperature in the eastern and western halves of the 
lake is about equal, but the thermocline is in both years 
somewhat deeper in the eastern section. 


3.2.2 Summer 


In 1966 the mean surface temperature reaches its 
maximum of 20.6°C very early in the summer (around July 10). 
In 1967 a slightly higher maximum, 21.3°C, is reached a month 
later. The mean temperature at the 20 metre level increases 
much more slowly, and does not reach its peak of about 13°C 
until late September. Decreases of the average surface temp- 
erature, such’ as. durango. :the,secondrppart lof) July 966° and. in 
mid-July, August and late September 1967 respectively, are 
coupled with relatively rapid increases in both the temperature 
at the 20 metre level and the tilt of the thermocline (Figs. 9, 
10, 11 and 12). This is not surprising, since an increase in 
thermocline tilt will cause an increase in the lake-mean temp- 
erature at levels below, and a decrease above its mean depth 
(Fig. 25). Variations in the mean surface temperature throughout 
the summer season thus are to a large extent determined by 


these have been calculated from the area-depth curves given 
by Anderson (1961). 
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changes in the tilt of the thermocline, and minima will occur 
during periods of strong upwelling. The observed differences in 
time and temperature of the maxima in the two years may thus not 
be significant in terms of the climatology of the lake. 


The surface temperature at individual stations usually 
ranges between 18 and 22°C, only dipping below this in upwelling 
areas and increasing above this under exceptionally quiet periods 
or near the shores in relatively sheltered areas. The highest. 
surface temperature observed locally in the open lake during 
the two summers is just over 24°C, off the mouth of the Niagara 
River in mid-July 1966 (Fig. F.16). 


A comparison of the: Figs. 11 and 12 reveals an inter- 
esting difference between the thermal regimes in the two 
summers. The summer-mean thermocline depth is slightly less in 
1967 than in 1966 (15.7 versus 16.9 metres). The mean volume 
of the epilimnion, defined by the volume of water above the 
10°C isothermal surface, thus is 17 and 18% respectively in the 
two years. More important, however, is that the mean depth 
increases gradually throughout the summer of 1966, at a rate of 
approximately 15 cm/day, whereas it is almost constant during 
the: months: oF July jand August in DI67." This difference iis pro- 
bably related to differences in the wind patterns in the two 
years. The mean wind strength, and especially the frequency 
of occurrence of strong winds, windforce 5 or over, is excep- 
tionally low in the summer of 1967 (Table 3, Section 2.3). 


The depth of the thermocline is dependent on various 
factors, such as convective downward mixing and wind induced 
turbulence (Tully and Giovando, 1963). During the heating 
season the latter is the most important factor, and the relation 
between wind strength and thermocline depth in the summer is 
discussed in more detail in Appendix C. Variations in the depth 
of a seasonal thermocline are especially sensitive to the force 
of the strongest winds during the period of observation, and 
the lack of strong winds during the summer of 1967 may thus well 
explain its stationarity throughout the months of July and 
August. The first day with a daily mean squared wind velocity? 
corresponding to an average wind strength of windforce 4 or over 
occurred in late August (root mean square wind speed of 630 


cm/sec). During the summer of 1966, on the other hand, winds 
with a comparable strength occurred regularly, at least once 
every two or three weeks. According to Tabata's equation 


(Appendix C) a 12-hour mean wind speed of 700 cm/sec can 
increase the depth of the mixed layer to 10.4 metres which 
corresponds to a depth of roughly 14.4 metres of the 10°C 
isotherm. This is close to the average thermocline depth, and 


Lar wind speeds quoted are for Toronto International Airport; 
a correction can be made to obtain a better estimate of wind 
Speeds over the lake by multiplying them by the lake breeze 
index. (Richards, 1964), which averages 1.39 over the summer. 
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winds of this force may thus influence its mean depth, espe- 
Cially since the actual thermocline depth may vary a great deal 
over the area of the lake. 


It has already been pointed out that the summer-mean 
surface temperature is much lower in the vicinity of Toronto 
(14.5°C) than in the southeastern end of the lake (21.5°C). 
The persistency of this difference is also well illustrated by 
Figs. 9 and 10, showing a difference in the mean temperatures 
for groups of stations in these areas decreasing from 6C° in 
July. to. 2C°..by. mid-September.. .The, only exception,to this pat- 
tern is during the mid-July 1967 cruise, in which the surface 
temperature is almost uniform over the total area of the lake. 


The decrease in magnitude of the east-west temperature 
gradient later in the summer might suggest a significant differ- 
ence in the thermal structures of early and late summer. A com- 
parison. with the depth of the thermocline (solid line in Figs. 
11 and 12), however, shows that it merely is a reflection of the 
steady increase in the mean depth of the latter. A tilt of the 
thermocline will have its largest effect on the east-west temp- 
erature gradient at the surface when its average depth is small. 
If, on the other hand, its mean depth is closer to the 20 metre 
level, the largest horizontal temperature gradients will result 
at this depth. The Figs. 9 and 10 clearly illustrate this point, 
showing that the difference between the 20 metre temperatures 
at opposite sides of the lake increases gradually throughout the 
summer, reaching a maximum of 12C° in the late August, early 
September. 


Throughout the summer the thermocline slopes downwards 
towards the east at a rate of between 8 cm/km and 2 cm/kn, 
averaging 5.6 cm/km. This slope is never reversed or levelled 
out, not even during prolonged periods of weak winds (Figs. ll 
and 12) ....In Section .6.3 it willbe Shown, that even, a westward 
wind will not be able to reverse the existing slope unless it 
is both fairly strong and very consistent. Rough calculations 
indicate that a strong westward wind of at least 2.5 days dura- 
tion (or an average wind of 7.3 days duration) is needed to 
reverse the thermocline. 


The difference in the mean thermocline depth in the 
eastern and western halves is, after its initial establishment 
in late June or early July, fairly constant throughout the 
summer, averaging 7.4 and 8.4 metres respectively (Tables 5 and 
6) over the two summers. The mean surface and 20 metre level 
temperatures differ in both years by about 2.7 and 5.7C° res- 
pectively. These differences indicate a large east-west grad- 
ient in the heat stonage per,.cma,.surface,area; the consequences 
of this on circulation in the lake will be discussed in Chapter 
4, 
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32:3. Far. 


In the second part of September the direction of heat 
flow reverses and the lake starts cooling. As a result the 
surface temperature decreases again and, partially due to con- 
vective downward mixing of cooled surface waters and partially 
due to the increased frequency of strong winds in fall, the 
thermocline is "eroded" and increases in depth more rapidly than 
before. In both years the surface temperature drops by 5C° from 
19 to 14°C over a two week period and the mean thermocline depth 
increases by 2 metres. In early October 1967 the rate of descent 
of the thermocline increases to 5 metres per fortnight. Even 
more striking is the decrease in the intensity of the thermo- 
cline, which will be discussed in Section 3.3. 


- The volume of the epilimnion increases rapidly from 18 
to 26% by mid-October in 1967, and the mean temperature of waters 
in the 30 to 50 metre depth range starts increasing in October 
from an average of 4.4°C throughout the summer to 8 to 5°C, 
depending on depth, by the end of the field season in late 
October (Fig. F.105). The maximum temperature at these levels, 
however, is probably not reached until much later. In 1959 
Rodgers (1961) measured a maximum temperature of 9°C at both the 
30 and 60 metre levels by the end of November. 


3.3 Intensity of the Thermocline in the Summer 


In Section 2.1.4 two techniques for calculating a 
lake-mean temperature profile have been outlined, and it is 
pointed out that the function Z(@) has certain advantages in a 
study of the thermocline. The temperature profiles shown in 
Figs. 26 and 27 are cruise averages of all bathythermograph 
data extending beyond a depth of 40 metres. The abscissa gives 
temperature, the ordinate depth below the surface vas’ well asethe 
relative volume of water above each level (with reference to a 
total volume of 1620 km3; Anderson, 1961). 


The intensity of the thermocline is, for the purpose of 
the following description, defined as the maximum vertical temp- 
erature gradient over a 6C° interval and is expressed in units of 
Celcius degrees per metre. The Z(8) curves for the spring 
cruises only indicate the relative volume of water above certain 
isothermal surfaces, but do not give an accurate estimate of the 
intensity of the thermocline, since only part of the lake is 
stratified (Sweers, 1968). During the summer, however, the 
intensity indicated by the Z(#) curves is approximately equal to 
the mean of the intensities of the individual temperature pro- 
files, and the temperature gradients almost always reach a max- 
imum between the 10 and 14°C isothermal surfaces. 


The cruise-mean intensity fluctuates between 1.5 and 
345 Co/m, and averages (2.64C°/m inwh966 dande2s3*+Co/miiniroe? 
(Figs. 26 and 27 respectively). There is no obvious correlation 
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Mean vertical temperature profiles 2(6) 
for the 1966 cruises. 
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Mean vertical temperature profiles 2Z(6) 
for the 1967 cruises. 
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MAXIMUM VERTICAL 
TEMPERATURE GRADIENT 
in C°/m; over a 6 C° interval 


28 Maximum vertical temperature gradient over 
a 6C° interval; mean distribution for the 
summer of 1966. | 
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between the mean maximum vertical temperature gradient and either 
the wind strength prior to the time of observation or the depth 
of the thermocline. During the second part of September in both 
years the thermocline intensity decreases rapidly to about 1°C/m 
by the end of the month, marking the onset of fall in the thermal 
regime. 


A study of the spacial distribution of the summer-mean 
thermocline intensity for the individual stations reveals no 
consistent patterns (Figs. 28 and 29). In 1966 the intensity 
ranges from about 4 C°/m in the western, section-to 1.2 C°/m near 
Toronto, in 1967 the steepest gradients (3.5 C°/m) occur over 
the deeper parts of the lake and there is no indication of a 
consistent east-west gradient. There is no obvious relation 
between the mean thermocline depth at any location and the 
maximum of the vertical temperature gradient. 


3.4) Consistent Reqignal Anomalies 


Some of the lake-wide characteristics of the thermal 
structure have been discussed in previous sections. [In this 
section a number of local phenomena will be discussed in more 
detail. 


3.4.1 Niagara River 


The Niagara River is the major tributary to Lake 
Ontario, supplying about SOt¢voft the total iImflux of water. Is 
influence on the thermal structure is clearly visible, both in 
the surface temperature distribution and in the thermocline 
depth. Throughout the 1966 and 1967 field seasons the surface 
temperature near the mouth of the Niagara River is above the 
lake-mean surface temperature, sometimes by as much as several 
degrees, but it is usually close to the temperature in the area 
north of Main Duck Island which feeds the St. Lawrence River. 
(see for example the summer mean temperature distributions, 
Figs. 13 and 19). This confirms the conclusion reached earlier 
by Rodgers and Anderson (1963), based on river temperature data, 
that the net advective term of the overall heat budget of the 
lake is very small. 


The thermocline usually slopes downwards rather steeply 
towards the river outfall from the north and west, but remains 
deep in a narrow band extending eastwards along the shore (for 
example Figs. 18 and 24). The summer-mean temperature distribu- 
tions (Figs. 13 and 19) show a tongue of relatively warm water 
extending eastwards along the southern shore from its mouth. A 
study of the distribution patterns during the individual cruises, 
however, reveals that the core of this high temperature area is 
rather variable in shape and extent. Sometimes it follows the 
southern. shore..(Figs.-F.10.and-—F.93)-;--but:-on- other cocceahons 
(see for example Figs. F.16, F.23 and F.67) it extends towards 
the north or even northwest into the lake. The areal extent of 
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the temperature maximum is never very large, suggesting a 
fairly rapid mixing of Niagara River water with the lake water. 


3.4.2 Deep Maximum South of Prince Edward Peninsula 


Tm pDoth svears alvery interesting, and statistically 
highly significant, temperature maximum has been observed in 
the hypolimnion at 14 to 21 km south of Prince Edward Peninsula 
(at Stationg 8). Figees4¢ and: Station: 49),Fig.i5,arespectively) ... 
Its location and depth are slightly different in the two years. 
In 1966 the maximum is most obvious at the 75 metre level 21 km 
south of Prince Edward Point; in 1967 it is more obvious some- 
what closer to the shore, 14 km offshore, at the 50 metre level 
(Figs. 15 through 17 and 21 through 23). The summer-mean devia- 
tion of the maximum temperature from the average temperature at 
the same level is about 0.5C° in both years. Under the assump- 
tion that temperature observations in the hypolimnion can be 
considered as random samples taken from a Gaussian population, 
the probability of such a deviation arising by chance is less 
than 0.01%! The location of the maximum varies slightly from 
cruise to cruise, but it is always in the general area indicated 
by the charts giving summer-mean temperature distributions at 
the 50, 75 and 100 metre levels in the two years respectively. 
Temperatures at a depth of 75 metres at Station 13, in 1966,and 
at a depth of 50 metres at Station 47, in 1967, are for every 
Single cruise above the lake means for these depths respectively. 


There is no direct relation between temperature distri- 
butions at higher levels and the location of the hypolimnion 
maximum. The surface temperature, and especially the thermo- 
cline depth, are much less south of the Prince Edward Peninsula 
than in the far southeastern section of the lake, and there are 
no obvious topographical features that could be used to explain 
a temperature anomaly in the hypolimnion of this magnitude and 
consistency. It therefore appears that the maximum cannot be 
explained by a downward movement or increased downward mixing of 
epilimnion water. This impression is strengthened by the fact 
that in 1966 the mean conductance of water in the temperature 
maximum is 3 4mhos/cm higher (about 1%) and the average pH is 
0.05 units lower than their lake-mean values at the corres- 
ponding level, whereas the epilimnion values deviate in the 
opposite direction from the mean hypolimnion values (Table 4). 
The -attterences, "are Srqntficant) to’ better, thanvw9ss. © -The; 2367 
data unfortunately cannot be used to confirm this difference in 
conductance and pH, due to their lower precision (Table 1). 
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mean for summer 1966 
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total alkalinity mg Caco,/1 SOLZ 85.8 -4.4 =4:8 0.4 
chloride mg CL/] Low t ay. ao #234 (CS 
specific 
conductance pmhos/cm PATS as Pa age -8.4 -3.0 0.6 
mean for summer 1967 
hardness mg Caco ,/1 134.3 E29)... eae me pen hs, 5 
total alkalinity mg caco,/1 wr. 5 81.4 -4.9 a a3 
chloride mg Cl/1 26.3 26.8 +O"2.5 HED Ohe3 
specific 
conductance pmhos/cm bP wlll SE. oo soe EPs. 
Table 4 A comparison of the difference between the mean epilimnion 


and hypolimnion values of hardness, total alkalinity, 
chloride and specific conductance. The 95% confidence 
limits give an indication of the significance of these 
differences, and are based on the variability of the 
hypolimnion data (Table 1). They are a measure of the 
accuracy of the difference, but not of the reliability 
of the absolute values. 
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Both temperature and chemical data thus confirm the 
statistical significance of the deviations observed in the 50 
to 100 metre levels south of the Prince Edward Peninsula. 
Further research needs to be done to pinpoint the causes of this 
phenomenon!, 


3.5 Details of an Upwelling Episode off Rochester 


In the second half of September 1966 an extremely 
strong incidence of upwelling was observed along the south shore 
of Lake Ontario. Surface temperatures in the Rochester area 
dropped from an average of 20°C to a low of 8°C within 41 hours. 
Due to aj fortunate coincidence the area was sampled twice during 
this upwelling episode, the first time 41 hours after the onset 
of a strong easterly wind, and again two days later. The winds 
prior to and during these sampling periods are shown in Fig. 30, 
the horizontal temperature distributions in Fig. 31. 


The first indications of upwelling were observed in 
the vicinity of Oswego, about 36 hours after the change of the 
wind. When the Rochester area was sampled, about 5 hours later, 
the upwelling was firmly established and the minimum surface 
temperature had dropped to below 8°C (Fig. 31). During the 
second visit 42 hours later, a full twelve hours after the wind 
had reversed again, the upwelling was even stronger and the 
minimum surface temperatures had decreased to less that 6°C. 
Water intake temperatures of the Monroe County water works near 
Rochester (1,800 metres offshore at a depth of 12 metres) 
indicate a marked decrease in temperature, from 17 to 9°C within 
a few hours, about 30 hours after the reversal of the wind. The 
response time at the surface is somewhat longer, since the change 
at the surface will lag behind the subsurface temperature 
decrease, and is estimated to be 36 to 40 hours. 


The upward and offshore movement of the isotherms is 
also, clearly illustrated in Fig.),32, which gives changes;in the 
temperature distribution along a section perpendicular to the 
shore. The isotherms move upwards over a distance of 10 metres 


Tsince writing the weport, data from 5 moniteryeruises and I 


special cruise in 1968 have been analysed. These do not show 
a similar temperature maximum in the region south of Prince 
Edward Peninsula. The difference between 1968 and the 
preceding years could be due to a difference in the station 
positions. “it asi/more.likely,,..howevyer, that othe antensity 

of the maximum Varies from year to year, indicating that it 
may not be as persistent a feature as suggested by the earlier 
data. 


Fig. 


Sept. 19 


Sept. 23 
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WINDS NEAR ROCHESTER 
(direction towards) 
18-24 September 1966 
Rochester Weather Office 

-~---- M.V. Brandal 


Winds in the Rochester area during a period 
of strong upwelling, September 18-24, 1966. 
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SURFACE TEMPERATURE (°C) 
OFF ROCHESTER NY I966 


20 Sept. 202Ohrs until 
21 Sept. O725 hrs. 


MONROE COUNTY 
WATER INTAKE 


T <8°C 
ood Ships Track 


_—_—— 
_ _— 
_-—~ 


Kilometres 
fo) 5 10 
SS 


22 Sept. 1450 hrs until 
23 Sept. 0210 hrs. 


[o) tT <a 


sete Ships Track 


Fic. 3. Surface temperature distribution in the 
Rochester area during a period of strong 
upwelling. 
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and offshore over a distance of 8 km in a time interval of 42 


hours. This information can be used to obtain an estimate of 
vertical and offshore velocities of the water by a technique 
described by Smith et al (1966). Assume that there is no dis- 


placement of the isotherms due to along-shore transport, and 

that the exchange of heat through the surface of the water is 
negligible. The first assumption is at least partially supported 
by the fact that the surface isotherms run more or less parallel 
to the shore (Fig. 31), the second by the fact that the net heat 
input into the lake is about zero in the second part of September. 
The observed change in the position of the isotherms then 
corresponds to an upward velocity of 7 x 1073 cm/sec and an 
offshore velocity of 5 cm/sec. This is only a crude estimate, 
Since the available data are insufficient to define the changes 
in the thermal structure in detail, but it illustrates the order 
of magnitude of horizontal and vertical velocities during the 
upwelling episode. 


Unfortunately, the cruise only covered the southern 
shore of the lake, and changes in thermal structure in other 
parts of the lake have not been observed. 


3.6 A Comparison with Earlier Findings 


An early attempt to describe the thermal structure of 
Lake Ontario was made by Millar (1952), based on data collected 
in the period of 1936 to 1946. He studies temperature records 
collected in the cooling water intakes of a number of commercial 
vessels crossing the lake along fixed routes, which provide only 
partial coverage of the lake. No data were available for the 
southeastern part and only few for the western sections. His 
conclusions nevertheless have been largely confirmed by Rodgers 
and Anderson (1963). The latter authors made an extensive ana- 
lysis of the thermal structure during 1959 and 1960, based on a 
series of monitor cruises at one to two month intervals. Some 
of the conclusions of their work have been cited in the intro- 
duction. In this section a brief comparison between character- 
istics of the thermal structure observed during the summers of 
1966 and 1967 and the results of the Miller and Rodgers et al 
will be made. Miller finds a 10 year summer-mean difference 
between the temperatures near Rochester and Cobourg of 3.4C°, 
measured at the depth of the cooling water intakes of the ships 
which is 4.5 to 6 metres below the surface. The estimated mean 
temperature difference over the summers of 1966 and 1967 at this 
depth. ime) 220%, 


Rodgers and Anderson find a summer-mean difference 
between the surface temperatures near Toronto and Oswego res- 
pectively of 4.5C° (based on four cruises), which corresponds 
reasonably well to the mean of 6C° for the years 1966 and 1967. 
The mean downward slope from east to west of the thermocline is 
5 cm/km in the summers of 1959 and 1960, which compares with 
5.6 cm/km in 1966 and 1967. 
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A qualitative comparison of the surface temperature 
distributions observed by Miller and by Rodgers et al with the 
present data shows a high degree of similarity, not only during 
the summer, but also during late spring and early fall. 
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4. HEAT CONTENT 


The lake-mean heat content per cm? surface area has 
been calculated from bathythermograph data by integrating the 
temperature-minus-four over depth from the surface to a maximum 
depth of 50 metres or to the bottom, whichever is shallower. 
Temperatures below this depth do not change enough to affect 
changes in heat storage by more than a few percent, which is less 
than the estimated reliability of the calculations. In early 
fall, however, a measurable amount of heat is transported to 
deeper layers, and the data presented in the present report have 
Been COrrected ‘by taking this into account.| In all calculations 
the specific heat is approximated by one, and no weight factors 
have been applied. The number of BT data for the last two 
cruises in 1967 is insufficient for accurate calculations, and 
these will therefore not be discussed. 


The; fake-mean heat .content per cruise is given in Figs. 
33 and 34 (for 1966 and 1967 respectively), the rate of change 
in heat storage between pairs of consecutive cruises in Fig. 35. 
The mean daily heat input decreases gradually from 450 cal/cm2 
in June to zero by the middle of September, when the cooling 
season starts. The 1966 data are in fairly good agreement with 
values published by Rodgers and Anderson (1961), based on 
observations in 1958 and 1959, which are indicated by the dotted 
line in Fig. 35. In 1967 the heat input seems to fluctuate much 
more erratically, and the total heat content remains nearly 
constant during July and August. 


The total heat content in the top 50 metres reaches a 
maximum of/ 32.5 kcal/om? by late September 1966, and a much 
lower maximum, 28.3 kcal/cm*, in late August 1967. The summer- 
mean heat content is also higher in 1966, although the difference 
is smaller than that for the maxima, being 27.1 versus 25.4 
kcal/cm? in 1967. The difference between the two years is 
caused by the low rate of heat input during the months of July 
ana August in 1967. 


In Section 3.2.2 the difference in wind conditions 
between the two summers has been discussed in relation to 
thermocline depth. It is not clear whether this also has been 
a factor in the difference in heating of the lake. It is inter- 
esting to note, however, that the mean epilimnion temperature, ~ 
defined as the mean temperature of all water above the 10°C 
isothermal surface, remains almost constant at 17.5°C throughout 
the summer of 1966, but rises steadily throughout July and 
Angust 1967From 14,8 to sbe.9°C. , The thermocline depth). on whe 
other hand, incréases at a rate” of~-7~-cm/day-in«1966,—4but._remains 
almost constant in 1967, and the increase in heat content in the 
latter year®thus is parallel.to.an,increase in,the mean hypo- 
limnion temperature rather than to a gradual descent of the 
thermocline (as it was in 1966). 
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Pag. 533 Lake-mean heat content for the period of 
June through September 1966, compared with 
the means for the eastern and western halves 
of the lake and for the Toronto and Oswego 
regions respectively. 
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HEAT CONTENT 
Lake Ontario 
(in k cal/cm?) 


Aug. 


Lake-mean heat content for the period of 
June through October 1967, compared with 
the means for the eastern and western halves 


of the lake. 
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‘+ Rogers and Anderson 
(1959 & 1960) 


Figie-35 Mean net heat input for the period of June 
through September 1966 (solid line), and 
for June through October 1967 (dashed line), 
compared with the monthly means for the 
years 1959 and 1960 (dotted line) published 
by Rodgers and Anderson. 
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Fluctuations in the heat content during consecutive 
two week periods are quite large, but these can probably to a 
large extent be explained by an insufficient density of the 
Station network and by non-synopticity of the data. During a 
five day cruise conditions on the lake can sometimes change 
quite considerably. A good example of this is the apparent 
secondary peak in the heat input in August 1966. For a period 
of 1 1/2 days prior to the mid-August 1966 cruise the wind is 
blowing towards that side of the lake where the cruise starts; 
shortly afterwards, however, it shifts around and blows towards 
the east for the remaining four days. As a result maxima in the 
depth of the thermocline are observed both shortly after the 
start of the cruise, near Hamilton, and by the end of the 
cruise, near Oswego (Fig. F.30). The change in wind results 
apparently in a net eastward transport of epilimnion water 
during the cruise, which, in turn, gives rise to an imaginary 
peak in the heat input. During the next cruise winds are more 
stationary, and the measured heat content therefore is a better 
approximation of the real value; the heat input during the two 
week period preceding the late August cruise therefore is lower 
than could be expected. Similar explanations can account at 
least partially for the large fluctuations in heat input during 
consecutive two week periods in 1967. 


4.1 Internal Advection of Heat 


The rate of increase in heat content is not only a 
Function  oftameyprouttabsoviolwbocationw,i)| LnePiqs 4 33yjand Sdeckhe 
lake-mean heat content per cm? is compared with averages for the 
eastern and western halves (shaded areas) and for small areas 
near Oswego and Toronto. The average heat content of the 
eastern section is consistently much higher than that of the 
western section. During both summers the difference ranges 
between approximately 6 and 20 kcal/cm2 and averages 14 kcal/cm2, 
aS compared with a lake-mean heat content over the summer of 


25 kcal/cm2! Discrepancies are even larger if the lake-mean is 
compared with the heat content of small areas near Toronto and 
Oswego. The maximum mean heat content over an area near Oswego 


govering lSetese20%,ofi the lake, for example, wiswup tong a2 
higher than the lake-mean for the same cruise. 


The spacial patterns of lines connecting points with 
equal Reat content per cm2 are closely related to the distribu- 
tion of thermocline depth as is to be expected. 


thet horizontal, gradients’ 1n,heat, content, are, raratoo 
large to be explained by local variations in the rate of energy 
exchange through the lake surface. It thus is obvious that 
internal advection currents must play an important role in the 
redistribution of heat throughout the summer. This phenomenon 
has been discussed earlier by Rodgers (1966) in connection with 
the dissipation of the mid-lake temperature minimum after the 
disappearance of the thermal bar. He pointed out that the 
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subsequent rapid rise in heat content at mid-lake stations 
could be explained only by taking into account the advection of 
warmer nearshore water towards the centre of the lake. The 
present data indicate the continuing importance of advection 
throughout the summer, although the transport appears to be in 
a predominantly east-west direction rather than towards the 
centre of the lake. 


The magnitude of the east-west advection term, and the 
associated horizontal current velocities, can be calculated from 
changes in the distribution of energy in the lake. The general 
equation relating the heat content h(z,y,z,t) in a unit volume 
of water to the sum of a source term q(x,y,z,t) and the advec- 
tive terms is: 


Jhes.th giny nt) ace [Acry.n,t) 2 (4.1.4) 


where v is the velocity vector and t the time. 


An estimate of the east-west velocity can easily be 
made in a greatly simplified case. Consider the lake as a two- 
layered system, an epilimnion and a hypolimnion, divided by a 
sharp interface. Assume that all ‘heat absorbediby ‘the Wake 
remains in the epilimnion, and that the temperature, and con- 
sequently the heat content per cm3, is independent of depth 
within each of the two layers. The heat content below 1 cm 
of the surface; H(x,;y;t)'y then Ws *equalto: 


Aix), Cl a0 ae cee ye Lore Nae (4.1. 6) 
where Z(x,y,t) = Ze is the thickness of the epilimnion. The 
source term per a of the lake surface, furthermore, is assumed 


to be independent of location and equal to the lake-average rate 
of increase in heat content: 


2e A 
ging [rapee ax dyad z ae dled, (y.4.¢) 
re) 


dt 


where H(t) is the average heat content below 1 cm2 of the surface 
at any moment t, and A the area of the lake. The lake is split 
along a north-south line into two sections with equal surface 
areas. Longitudinal water movements in the epilimnion now can 

be calculated using a simplified form of equation (a), which can 
be obtained by integration over depth and over the area of each 
of the sections. For a finite interval of time At between 
cruises this becomes: 
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+ Agit) pi 44 2H Oe) +h (t)2(t) wy (y. 1.) 


where, Hy(t) is the average heat content per cm? in the western 
section of the lake, Hyibt ) = Hw(t)/Zw(t) is the mean heat content 
per cm3, Att) the average thickness of the epilimnion in the 
western section, Z the lake average thickness of the epilimnion, 
u the advective velocity, and y the width of the cross-section. 
This equation can be solved for u: 


LA AHit) _ 2 #4, (#) 


a 
bat At es Wa Ace) A AACE 
h(t) Zlt)y Ait Hi Ce) ay Z(t) 
(4.7. e ) 
Equation 4.l.e has been applied to the present data; 
the results jare summarized.in sches Tables45 and 6'..'| During June, 


transports*® in an ‘east-west direction are small. Throughout 
July, in both years, however, there is a large transport of 
epilimnion water towards the eastern section of the lake. 

Early in July the temperature minimum in the eastern section 
disappears completely and is replaced by a minimum near Toronto, 
caused by upwelling, and a considerable amount of surface water 
moves towards the east. A maximum two week mean eastward 
VelOCitymosr to.0° cm/sec is reached by) the middie) of sUuly mim iboth 
years. (The mean eastward epilimnion velocity due to the flow 
of water through the lake is 0.3 cm/sec). Assuming the rate of 
downward movement of the thermocline due to eddy diffusion 
processes to be constant over the lake, this would correspond to 
a maximum return flow of 0.5 cm/sec in the hypolimnion. 


Later in the summer conditions are more stationary, 
but by the middle of September the direction of transport is 
reversed and there is a net flow of epilimnion water towards the 
west. The return flow reaches a maximum two week mean velocity 
oral. 5 cm/sec in 1966 and 3.3 em/sec in $1967. 


For the purpose of these calculations it was assumed 
that the rate of heat exchange through the surface of the lake 
is independent of location. This is only true in a first 
approximation. Various terms of the heat budget, such as long 
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wave back radiation, evaporation and conduction, are, for 
example, dependent on surface temperature. Energy losses due 
to these terms will, under similar atmospheric conditions be 
lower, the lower surface temperature. It consequently can be 
expected that some of these terms are lower in the western 
section of the lake than in the eastern section, because of 
the difference in the surface temperatures for the two areas. 
This means that the actual transport towards the east may even 
be somewhat larger than the calculated transport indicated in 
Tables 5 and 6. 


69 


5. DISTRIBUTION OF CHEMICAL PARAMETERS 


In Appendix F the surface distributions of oxygen are 
shown for all cruises, those of conductance and pH only for the 
cruises for which the data are accurate enough to yield meaning- 
ful results (see Appendix A). The hardness, total alkalinity 
and chloride data for most cruises are too inaccurate to give 
meaningful horizontal distribution patterns, and therefore are 
not included in Appendix, F, but have been, used only .in a study 
of seasonal trends. In the top lefthand corner of all charts 
the lake-mean profiles have been plotted, and on some of these 
the mean profile for a number of stations in an upwelling area 
has also been indicated (dashed lines). Seasonal changes in 
the lake-mean profiles are shown in the Figs. 43 through 50. 


5 ark: Spacial Distributions 


The spacial distribution of the major chemical para- 
meters, such as specific conductance, pH, dissolved oxygen, 
total alkalinity, hardness and chloride, is usually closely 
related to the thermal structure of the lake. Local variations, 
due to river outflows etc., may be more marked than in the 
temperature distribution pattern, but they are seldom more 
extensive. A study of the charts presented in Appendix F 
illustrates these points very well. A complete discussion of 
the gross features of the horizontal distribution patterns 
would to a large extent duplicate the description of thermal 
structure, and will, therefore, not be undertaken. The general 
relationship between the distributions of temperature and of 
some of the chemical parameters, however, will be studied in 
more detail in the next section and some of the more conspic- 
uous, recurrent local anomalies will be studied in Section 5.3. 
In the present section the summer-mean horizontal distributions 
of conductance, pH and oxygen will be discussed. The charts 
are based on averages of six cruises in the period of early 
July through mid-September. 


5B;1.4d45Specitic,conductance 
The summer-mean specific conductance distribution at 


the surface (Figs. 36 and 40) shows similar patterns in the two 
summers. In both years the conductance ranges from a minimum 
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of about 308 “zmhos/cm (at 25°c)1 near the middle of the lake to 
a maximum of 320 mhos/cm in the Toronto-Hamilton area. Over 
most of the eastern half the conductance remains low, but the 
patterns show a secondary maximum in a small area near the mouth 
of the Oswego River. This secondary maximum is higher in 1967 
(320 a4mhos/cm) than in 1966 (311 4mhos/cm), but is obvious in 
both years; its cause will be discussed in more detail in 
Section 5.3. The maximum in the western section coincides with 
the area of minimum surface temperature (Figs. 13 and 19). A: 
study of the distribution patterns shows that the surface con- 
ductance usually is lower, the lower the temperature in an area, 
and that it approaches the hypolimnion mean for temperatures 
dropping to a value close to the hypolimnion mean of 3.9°C. 
Upwelling thus affects conductance as well as temperature. 


The iso-lines of specific conductance generally tend 
to be parallel to the isotherms, although this is not as obvious 
in the summer-mean pattern for 1967 as in that for 1966. The 
apparent irregularity of the 1967 pattern is probably due to 
the lower accuracy of the conductance data in that year (Table 
1) 


Horizontal gradients in conductance below the thermo- 
cline region are small, and disappear in a background of random 
variations in the measurements. In 1966 the summer-mean con- 
ductance at the 75 metre level, for example, ranges ina fairly 
random manner between 320 and 323 Amhos/cm (at 25°C), with the 
exception of a few slightly higher values around the area south 
of Prince Edward Peninsula, where a maximum summer-mean of 325 
Amhos/cm is reached at Station 13. The 1967 data, although 
less accurate, also indicate that horizontal gradients in the 
hypolimnion are considerably smaller than those in the epilim- 
nion. 


Ii convert specific conductance values from a reference temp- 
erature: of 18°C to one of 25°C, multiply (byia factors. 
(Standard Methods, APHA, 1965). A study by Rodgers (1962) 
on waters of the Great Lakes indicates a slightly higher 
conversion factor of 1.18. A comparison of the summer-mean 
conductances for 1966 and 1967, measured at 18 and 25°C 
respectively, suggests a conversion factor in between these 
two values of 1.16. If the 1966 and 1967 values are corrected 
for a mean yearly increase of 0.4% (Dobson, 1968), the 
conversion factor would become even closer to the value of 
1.15 used in the present report. 
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Figs 30 Summer-mean specific conductance distribution 
at a depth of 1 metre in 1966. 
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Pig. 37 Summer-mean dissolved oxygen distribution 
at a depth of 1 metre in 1966. 
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Fig sis Summer-mean distribution of the percentage 
saturation of oxygen at a depth of 1 metre 
in 1966. 
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Fig. 39 Summer-mean pH distribution at a depth of 
l metre in 1966. 
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Fig. 40 Summer-mean specific conductance distribution 
at a depth of 1 metre in 1967. 
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Fig. “42 Summer-mean dissolved oxygen distribution at 
a depth of 1 metre in 1967. 
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Fig. 42 Summer-mean distribution of the percentage 
saturation of oxygen at a depth of 1 metre 
in 1967. 
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Ds Linde OXY Gen 


The summer-mean dissolved oxygen and percentage satura- 
Clon Oxyoen “Charts (Figs./§37,138,)4irand'42) also show, aistrakang 
Similarity to the temperature charts. The oxygen content varies 
from a maximum of 11 to 12 mg/l near the northwestern shore to a 
minimum of 9 mg/l in the eastern half of the lake, with a second- 
ary Minimum, also of 9 mg/l, off the mouth of the Niagara River. 
The percentage saturation of oxygen also is higher near Toronto 
(112-122%) than elsewhere in the lake, although the summer-mean 
concentration remains well above the 100% saturation level at 
every station. The maxima are somewhat higher in 1966 than in 
1967, the minima, however, are about equal in both years, and 
the distribution patterns are closely related. 


The east-west gradients in both the total oxygen con- 
tent and the percentage saturation seem to indicate a somewhat 
higher level of algal activity in the western half of the lake 
than un “the eastern half. Algal activity appears.) to be: highest 
near the northwestern shores, especially during the frequently 
occurring upwelling episodes. This will be discussed in more 
détails tn Section 5.4% 


The summer-mean oxygen content at the 75 metre level 
shows only small horizontal variations, ranging between 13.0 
and 1ivS img/l, and tending to be“eloser to the lower Iimits of 
this range, the smaller the distance between sampling depth and 
bottom. ; 


oe. pH 


tie Norizontal distribution ef ipl Meno. 639) ei.) com 
pletely different from any of the patterns discussed so far. 
The summer-mean pH is almost constant over the lake, ranging 
in 1966 in a largely random manner between 8.43 and 8.61. The 
influence of upwelling near Toronto can barely be recognized, 
as the surface pH, even near the centre of an upwelling area, 
usually is well above its mean hypolimnion value of 8.1. 


In 1966 the summer-mean pH in the hypolimnion ranges 
between 8.0 and 8.1, tending to be close toethe lowers limits of 
this range.in “the vicinity of the? bottom. Horizontameoradients 
are much smabkber than those at the surface, and re, eo a Large 
extent, overshadowed by apparently random geographical or 
incidental variations. 


5.2 Seasonal Trends 


The cruise-mean profiles of oxygen, specific conduc- 
tance (in 1966) and pH (in 1966) have been summarized in time- 
depth. diagrams (Figs. 43 through 46, 48 and 49). The?total 
alkalinity, hardness, chloride, specific conductance (in 1967) 
and pH (in 1967) data are not accurate enough to give meaningful 
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time-depth diagrams due to quasi-random errors (Appendix A). An 
estimate of changes throughout the season of the epilimnion con- 
centrations, however, can still be made. The specific conduc- 
tance and pH data for 1966 strongly suggest that the mean hypo- 
limnion values remain essentially constant, or, at least, that 
temporal fluctuations are much smaller than those in the epilim- 
nion. Assuming that this is true for all major parameters 
(except perhaps oxygen), variations in the epilimnion can be 
determined by adjusting the measurements for apparent fluctua-. 
tions in tthe hypolimniion. This hasbeen: done, and ithe jresults 
are presented in Figs. 47 and 50. The measured cruise-mean 
hypolimnion values are also indicated to give the reader an 
impression of the randomness of the cruise to cruise variations. 


5.2.1 (Specifiie Conductance 


The vertical distribution of specific conductance in 
1966 (Fig. 45) is practically homogeneous in early June. By 
late June a vertical stratification develops, and throughout the 
summer surface conductance values are about 3% lower than hypo- 
limnion values (313 versus 3224 mhos/cm) . The low-conductance 
layer increases in thickness as the summer progresses, and the 
depth of maximum vertical gradient of conductance corresponds to 
the depth of the thermocline. In late September the surface 
conductance increases again, probably as a result of mixing with 
deeper waters. Conductance in the hypolimnion, on the other 
hand, remains almost constant throughout the field season and is 
322 4mhos/cm (reference temperature 25°C). 


Changes’ im 196% are parallel to those in 1966; (Fig. 
50). Late in June the mean epilimnion conductance starts de- 
creasing and it remains about 3% below the mean hypolimnion 
value throughout the summer. By late September the difference 
starts decreasing, and by the end of October the mean epilimnion 
and hypolimnion values are roughly equal again. 


Variations in specific conductance are caused by 
variations in the concentrations of various conducting ions. 
Table 4 shows that the decrease in the summer-mean specific 
conductance in the epilimnion is parallel to decreases in hard- 
ness and total alkalinity, but inversely related to a (percent- 
age wise smaller) change in chloride. The numerical relation 
between these parameters is given by (Appendix B): 


Cond << /.02 x [hard] to.8&by x jit. atk | - 2.14 [CL] (5. a) 


where the terms between square brackets stand for the values of 
hardness, total alkalinity and chloride respectively. Together 
the three terms on the righthand side account for 79% of the 
Specific conductance of Lake Ontario water. Application of 


qo 


equation a to the data given in Table 4 shows that the varia- 
tions in the epilimnion conductance can fully be accounted for 
by changes in total alkalinity, hardness and chloride: the 
calculated changes are -8.0 and -8.4 4mhos/cm (at 25°C) respec- 
tively in 1966 and 1967, as compared with measured changes of 
=— 3.4 and ~8.24 mhos/cm. 


The last column in Table 4 indicates the significance 
of the measured differences between the mean epilimnion and 
hypolimnion concentrations. They are always larger than twice 
the standard deviation of the variability of the hypolimnion 
data divided by the square root of the number of observations. 
The difference, therefore, cannot be explained in terms of errors 
in the data or variability of the hypolimnion observations, and 
must be considered to be real. 


5.2.2 Oxygen 


The mean epilimnion oxygen content decreases gradually 
from a maximum of 132% saturation in late June to 105% in late 
September 1966 (Figs. 44 and 49). Changes in 1967 are similar, 
although the saturation: level tends to be slightly lower. In 
late October 1967 the percentage saturation of oxygen reaches a 
minimum of 94%. In both years the percentage saturation shows 
a secondary peak of about 110% in late August, early September. 
The absolute oxygen content decreases rapidly in late spring 
with increasing surface temperatures, remains relatively constant 
at between 9 and 10 mg/l throughout the summer, and rises 
Slightly again in early fall. The high oxygen levels in June, 
and the secondary maximum in August, can probably be explained 
by a primary and secondary peak in algal growth (see also 
Section 5.4). 


The mean oxygen concentration in the hypolimnion 
decreases gradually throughout each of the two field seasons at 
a rate of approximately 0.007 mg/liter/dayl, which amounts to a 
5% decrease in the percentage saturation from 100% to 95%, or 
96 to 91%, in 1966 and 1967 respectively. The cause of the 
differencetbetween! the 1966 and 1967 data is mot iciear> at could 
perhaps be caused, however, by a difference in the methods used 
in the two years. In 1966 all oxygens were determined by 
titrations (Winkler method, Strickland and Parsons, 1965), 
whereas an oxygen probe was used on most of the cruises in 1967. 


In the thermocline region an interesting, although 
very slight, oxygen minimum develops during the latter part of 
August, with oxygen concentrations about 0.4 to 0.7 mg/l lower 
than at the: surface. 


a 


TEstimate based on an analysis of the 1966 data by Dobson (1968), 


confirmed. by the present study of data from the 1967 field 
season as well as of those of 1966. 
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August 


TOTAL ALKALINITY 
(mg Ca Co3 /L) 
1m minus hypol. 
10 m minus hypol. 


hypol.values (92:4) (92-0) (92:4) 


0 mgCaCo3/L HARDNESS 


(mg Ca Co3/L) 
1 mminus hypol. 
10 m minus hypol. 


hypol.values (134-0) (130-8) (132:S) (13379) (132-8) (132-9) (1328) 


CHLO RIDE 
(mg/L) 
1m minus hypol. 
10 m minus hypol. 


hypol.values (25:2) 


August 


Fig. 4/7 Differences in the epilimnion and the hypo- 


limnion concentrations of total alkalinity, 
hardness and chloride during the 1966 field 
season. Between brackets the measured 
Cruise mean hypolimnion values; see text 
for a discussion of their accuracy. 
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EPIL.- HYPOL. CONCENTRATIONS 


134-9 


SPECIFIC CONDUCTANCE 


TOTAL ALKALINITY 


HARDNESS 


133-8 1344 134-8 


26:3 
CHLORIDE 


Aug. 


Sept. 


330 


87 hypol. values 


324 hypol. values 


1m minus hypol. 


e—- 10m minus hypol. 


134-6 hypol. values 


2041, 


Oct. 


26-3 hypol. values 


Nov. 


Differences in the epilimnion and the hypo- 
limnion values of specific conductance, 
total alkalinity, hardness and chloride 


during the 1967 field season. 


Between 


brackets the measured cruise mean hypo- 


limnion values; 


of their accuracy. 


see text for a discussion 
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In general the oxygen content tends to decrease 
slightly near the bottom, but almost all observations indicate 
a saturation level well above the 80 percent. The lowest oxygen 
values have been observed in the area north of Main Duck Island, 
with summer-means at the 30 metre level of 6.9 mg/l (68%) in 
1966.-and 8.4 mg/L—(73%)--in-,1967,-and,with--absoLute-minima-in 
late August of both years of 4.2 mg/l (41%) and 6.9 mg/l (61%) 
respectively. 


Bae. Oe 


Throughout the 1966 field season, the pH profile 
shows a strong stratification (Fig. 46). The mean pH at the 
surface decreases slowly from a high of 8.7 in late June to 
8.4 by late September, showing a small secondary peak of 8.6 
in late August. The mean hypolimnion pH remains almost 
constant, decreasing only” from asmedn of-8.12 to’ e707" overntiie 
same period. The depth of maximum vertical gradient of pH 
differs markedly from that of the other parameters discussed 
in this report: It does not descend with the thermocline, 
but remains almost constant at a depth of 10 to 20 metres 
throughout the entire field season. 


The pH is generally linked with biological activity 
and tends to increase with increasing algal growth and to 
decrease with increasing concentrations of carbon dioxide in 
the water. The two peaks in the surface pH thus suggest 
primary and secondary surges in algal growth in late June and 
late August respectively, confirming the deductions based on 
seasonal changes of the lake-mean oxygen content, and the slight 
decrease in the hypolimnion pH may be related to an increase in 
carbon dioxide content due to the oxidation of settling organic 
material. No attempt will be made to explain the difference in 
the profiles of pH and those of the other parameters. The 1967 
data (Fig. 50), although less accurate, confirm the seasonal 
cycles observed in 1966. 


5.2.4 Total Alkalinity, Hardness and Chloride 


Under the assumption that variations in the hypolim- 
nion concentrations of total alkalinity, hardness and chloride 
are small or negligible, seasonal variations in the epilimnion 
can.be studied (Figs. 47 and 50). The mean vertical destrioe 
tion of these parameters is almost uniform in June. [In July, 
however, the epilimnion concentrations of hardness and total 
alkalinity decrease by 4 to 5%, whereas the measured chloride 


content increases by almost 2%. In late September the mean 
epilimnion concentrations start increasing again, except 
chloride, which decreases. Mean differences during the summers 


of 1966 and 1967 are summarized in Table 4. 
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The early July and late August 1966 lows in total 
alkalinity near the surface may be related to the primary and 
secondary maxima in plankton growth. The lows in total 
alkalinity, however, are not nearly as marked as the primary and 
secondary maxima in pH and oxygen saturation level. The 
generally lower alkalinity in the epilimnion, throughout the 
summer, is also related to a shift in the CaCO3 - C02 - H20 
equilibrium with temperature (Kramer, 1964). 


To explain seasonal variations in epilimnion hard- 
ness, a detailed study of the ionic balance has to be undertaken. 
One possible explanation for the decrease in the surface layers 
couldshe apehattedn, the CaCOsy- COp.7,H20 equilibrium due to 
the rise in temperature, which also affects the total alkalinity 
(Kramer, 1964). The observed variation, however, definitely 
cannot be explained in terms of a seasonal cycle in the average 
hardness of tributaries to the lake; the rate of decrease in 
early summer is too fast, and the amount of material involved 
too large. 


The apparent increase during the summer of the epilim- 
nion chloride content is unexpected. It cannot be explained in 
terms of evaporation: a 1.8% increase in chloride in the 
epilimnion over a period of one month would require an average 
daily evaporation of 1 cm/day in excess over the precipitation, 
as compared with an estimated daily evaporation in. June and July 
of less than 0.1 cm (Richards and Rodgers, 1964). Neither can 
it be explained in terms of varying chloride contents in the 
tributaries; this would, for example, require an increase in the 
chloride concentration of the Niagara River to at least 40 mg/l 
during the summer, which is not the case. Measured chloride 
concentrations in the Niagara River are roughly similar to those 
in Lake Ontario (Table 7). To the author's knowledge chloride 
does not participate to any appreciable extent in naturally 
occurring biochemical or geochemical reactions, and it therefore 
seems unlikely that such reactions could cause the observed 
seasonal changes. The only explanation, that appears to be 
plausible at present, is that the measured vertical gradient in 
the *mean ‘Chloride distribution ‘is artificial, and is’® introduced 
by as yet unknown sensitivities of the analytical techniques 
used to other properties of the water. The samples are not 
filtered before analysis, and differing concentrations of 
suspended organic or inorganic particles, as well as differences 
in other properties of epilimnion and hypolimnion water, could © 
cause a systematic dependence of the results of. chloride 
measurements on other characteristics of the water. 


5.3 Consistent Regional Anomalies 


Little is known about the composition of water carried 
to the lake by its major tributaries. Some measurements have 
been made by the Ontario Water Resources Commission and by the 
U.S. Geological Survey, but these are insufficient to derive 
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Bie Ollcar Lo, 


surface Niagara Genesee Oswego Black 
units water River River River River 

(1966) 
diss. "Oy mg/l 9.6 9.6 ene 6.3 5.4 
conductance pmhos/cm 272 Zi 440 itso z50 

aE LoCu.. 
hardness mg CaCO3/1 128 185 200 326 - 
chloride mg Cry 26 26 43 326 See 
average flow  m3/sec = 4,900 21.4 mie o 36.7 
data from 
the year(s) "66 Sore 6 5 W555 V5.6 57 "65 
65 niGiDieg OO 

Table 7 Summer average composition of selected major tributaries. 


River data are based on samples taken in the years 
indicated, with the exception of oxygen which has been 
sampled in 1965 only. The calculated means are seldom 
based on more than 10 observations and thus have a limited 
reliability. 
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seasonal fluctuations or even yearly mean concentrations of 
the rivers concerned. The available information is summarized 
in Table 7, which is based on data published in the "Water 
Quality Report" series of the U.S. Geological Survey and in a 
report by the Ontario Water Resources Commission (1967). 


The influence of the major tributaries on the surface 
distribution patterns of various parameters is often clearly 
discernible, although only in the vicinity of their mouths. 

The nature of these local anomalies is usually consistent with 
the information given in Table 7, however scanty the data on 
which it is based may be. 


2, 24h. sNiagara-~River 


The Niagara River supplies about 80% of the total 
influx of water, including precipitation, into Lake Ontario. 
The composition of its water is basically the same as that of 
Lake Erie water, which feeds the Niagara River, although 
modified to some extent due to human activities (release of 
effluents, etc.). Few measurements have been made to determine 
its mean composition near the mouth, but the available data 
indicate a high degree of similarity between Niagara River and 
Lake Ontario water (Table 7). 


The summer-mean conductance in 1966 (Fig. 45) shows a 
maximum off the Niagara River, extending over a small distance 
eastwards from its mouth. The distributions for the individual 
cruises, however, are, like the temperature patterns, much more 
variable, and indicate a tongue of Niagara water extending into 
the lake in varying directions, although seldom westwards (Figs. 
Mig thy Peso dpeadliC 2tee 5 Oph 


Patterns for any individual cruise are, of course, 
strongly influenced by winds prior to the moment of observation. 
The variability of the patterns, however, suggests that there is 
no hydrodynamically determined, semi-consistent and confined 
eastward current along the southern shore. The data are more 
consistent with the hypotheses of a diffuse rather than of a 
jet-like nature, permitting intense horizontal mixing instead 
of confining Niagara River water to a narrow band along the 
shore and isolating it from the main body of the lake. 


The distribution patterns of oxygen and pH show 
Similar characteristics, and confirm the conclusions derived 
from the conductance, patterns. 


5.3.2 Oswego River 


The Oswego River is the third largest source of water, 
after the Niagara River and precipitation, and contributes about 
2.5% of the yearly..flow into, the lake...) The: composition ofits 
water deviates considerably from that of the lake; specific 


90 


conductance is 4 times higher, hardness 2.3 times higher and 
chloride more than 12 times higher (Table 7). These high values 
are mainly due to geological conditions in the drainage basin 

of the Oswego River. Temperature, on the other hand, is about 
equal to the average temperature in the eastern section of the 
lake, and oxygen somewhat lower in the summer. 


The dissolved solids content, although high, is not 
high enough to offset the influence of temperature on the 
density of the water, at least in the summer. Water from the 
Oswego River therefore mixes with the epilimnion, when the 
lake is stratified, and does not sink down into the hypolimnion. 


The influence of the anomalous concentrations of 
various parameters is clearly discernible on the surface 
distribution charts for the individual cruises. The conductance 
charts, for example, indicate a general eastward movement of 
water along the southern shore (Fig. 40). The shape and extent 
of the area over which Oswego water can be distinguished, 
however, is rather variable, which seems to indicate that 
currents in the lake are of a relatively diffuse and variable 
character. In early July, 1966, the tongue of high conductance 
water extends over a long distance along the southern and 
eastern shores (Fig. F.14). In early June’and late July, 1966, 
on the other hand, it extends due north and northwest respec- 
tively »from the mouth of ‘the'river’ (Figs. fF." 3.and F,21), .and 
the early August and early September cruises in 1966 (Figs. F.27 
and F.39) indicate a tendency for an along-shore eastward move- 
ment of the water and a rapid loss of its identity. 


The distributions of hardness and chloride, which are, 
for reasons discussed elsewhere, not shown in this report, 
substantially support the conclusions that can be drawn from the 
conductance patterns. 


5.3.3 Black River 


The third biggest tributary, the Black River, has a 
mean discharge amounting to 1 1/2% of the flow through the lake. 
It carries a low load of dissolved solids: specific conductance 
is about half and chloride only 20% of the lake-mean (Table 7). 
The oxygen content (5.4 mg/l) is also below the lake average, 
but its mean temperature is about equal to the mean surface 
temperature in the area north of Main Duck Island. 


Horizontal gradients of conductance and oxygen fan out 
from the river mouth and are almost negligible outside Black 
River Bay. lLocal details in the distribution patterns therefore 
do not give much information about water movements in this area 
of the lake. The northeastern corner of the lake has been 
sampled in detail on a few cruises, but even these data 
do not allow any identification of Black River water outside 
the bay. 
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5.3.4 Genesee River 


The Genesee River (1% of the total flow into the lake) 
likewise only has a very local influence on the observed 
distribution patterns. The composition of its water is 
relatively close to that of the lake, and it is not surprising 
therefore, that the station pattern usually was too coarse to 
detect anomalies due to Genesee River water. On the early and 
late July 1966 cruises a detailed study has been made of the 
area, showing small tongues of water with a somewhat lower 
salinity extending into the lake and over a short distance 
eastwards along the shore respectively. 


5.3.5 Local Anomalies and Eastward Transport 


The influence of all tributaries, with the possible 
exception of the Niagara River, on the horizontal distribution 
patterns is essentially of a local nature. Waters from the 
Niagara, Oswego, Black and Genesee Rivers can be recognized in 
the lake as anomalies in the lakewide distribution patterns of 
several parameters, but the areal extent of these anomalies is 
usually small, and their shape and location variable. It, 
therefore, appears that horizontal mixing processes are strong 
enough to rapidly disperse all inflows, and there is little or 
no evidence for the existence of a confined or more or less 
isolated eastward current along the southern shores, carrying 
water with anomalous concentrations of any substance from the 
tributaries (and sewage outfalls) directly to the St. Lawrence 
River. The observations rather suggest a diffuse eastward 
movement of water along the southern shore, in which nearshore 
waters are continuously mixed with offshore waters. 


The existing large-scale surface gradients discussed 
earlier are caused by lakewide horizontal and vertical circula- 
tion patterns, and are related to differences between the 
composition of epilimnion and hypolimnion waters rather than to 
the nature of water flowing into the lake from external sources. 
Horizontal gradients disappear largely in periods with little 
upwelling, and are strongest during periods with strong 
upwelling. 


5.4 Chemical Profiles in an Upwelling Area 


In the preceding sections the close relationship 
between thermal structure and the distribution of various 
other parameters has been discussed. It was pointed out that 
the surface concentration of most parameters tends to be 
closest to the mean hypolimnion value in areas with strong 
upwelling. In this section, a more detailed analysis of the 
profiles in these areas will be made. Average profiles, for 
groups of 4 to 7 stations in upwelling areas, have been 
computed for temperature, pH, oxygen, specific conductance and, 
in one instance, hardness, and are, for a number of cruises, 
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compared with their lake-mean profiles (Figs. 52 through 55). 
The same has also been done for data from the mid-lake tempera- 
ture Minimum in late spring 1966 (Figt 51). Data'for the 
individual stations show essentially the same characteristics, 
but are more difficult to interpret due to a larger degree of 
scatter. The highest degree of oxygen supersaturation usually 
occurs in areas with strong upwelling or the coldest surface 
water (Figs. F. 4 and F.10), at least in late spring and early 
summer. The mean percentage saturation in these areas is 5 to 
20% above the lake-mean (Figs. F. 7 and F.13), rising as high 
as 140% in late June and early July. The absolute oxygen 
content below the 30 metre level is almost independent of depth 
or location, ranging between 12.5 and 13.0 mg/l, and decreasing 
nearecune Surface to an average of 10.5 mg/l in July. \In 
upwelling areas, on the other hand, it increases to more than 
14 mg/l. 


In a recent study of seasonal changes in the oxygen 
distribution, Dobson (1968) points out that the relatively 
high oxygen saturation levels in the epilimnion during late 
Spring and early summer may be caused by a combination of two 
facteorsse the’ rapid rise-in temperature of cold, oxygen (rich 
waters, in combination with a strong photosynthetic oxygen 
production by algae. The mean oxygen profiles in the cold 
central part of the lake in late June (Fig. 51), and in the 
nearshore upwelling areas in July (Figs. 52 and 53), confirm 
his conclusions and serve to emphasize the importance of the 
latter factor. 


The rate of increase of pH in water brought to the 
surface by upwelling in late spring or early summer is also 
very high, and the surface pH in these areas may rise to its 
lake-mean level or even higher (Fig. 53). This also indicates 
a rapid increase in algal activity as soon as the water rises 
into the trophogenic zone. | 


The specific conductance and hardness values near the 
surface, on the other hand, increase much more slowly, and their 
averages in upwelling areas are somewhere between their lake- 
mean hypolimnion and epilimnion values. The surface distribution 
charts given in Appendix F indicate that they reach their maxima 
at a fairly large distance from the centre of an upwelling 
area. 


In late summer and early fall, the vertical profiles 
in an upwelling area show distinctly different characteristics 
(Figs. 541 and 55). The oxygen content near the surface is 


cn nnn nnn nee eater anys nnn ynnnnSS nnn 


irhis cruise is not a monitor cruise, and the solid line 
represents the mean profile for a number of stations outside 
the upwelling area rather than a lake-mean profile. 
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lower than in the hypolimnion, even in the coldest parts of 

the lake, and the percentage saturation is almost independent 
of depth in the centre of the upwelling areas. Outside these 
areas it rises from about 90% in the hypolimnion to close to 
100% near the surface. Conductance and pH have similar distri- 
butions, being vertically homogeneous in upwelling areas and 
rising to 8.4 or decreasing to pe a ¢at. 25°C) 
respectively further offshore. 


Upwelling thus has an influence on processes in the 
lake which varies with time. In late spring and early summer, 
when light conditions are optimal, the replenishment of nutrients 
stimulates a vigorous algal growth as is evidenced by a rapid 
rise in oxygen content and pH. In late summer and early fall, 
on the other hand, algal growth in these areas is much slower, 
and the oxygen content and pH rise only very slowly to their 
equilibrium values. 
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6. CALCULATIONS BASED ON TEMPERATURE OBSERVATIONS 


6.1 Vertical Eddy Diffusivity in the Thermocline Region 


Themcoerpicilent “or vertical eddyiditfusivity, K,, has 
been estimated from the present data by two different techni- 
ques, both based on changes with time of the lake-mean tempera- 
ture profile. Derivation of the respective equations is out- . 
lined in Appendix D. 


Pine Oofpally KS (Can be calculated as aifunction. of 
the rate of downward transport of heat through a horizontal 
surface and the vertical temperature coefficient: 


oA goin sg Ie 9 (bkem 
at oz 


where Hz is the lake-mean heat content per cm? below a depth z, 
Crile Sime, kK, ithe vertical tcoetficient, of eddy diffusivity at 

a depth z, ana T(z) the lake-mean temperature ata depthitzs . A 
slightly different form of equation a, using data for individual 
stations instead of lake-means, has often been used to cal- 
culate Kup wecen ror exanpley Hatchimsony, 1957), (Byiiusing Lake- 
mean profiles, however, the effect of transient changes in the 
distribution of thermocline depth and surface temperature are 
reduced, although not completely avoided. This will be dis- 
cussed in more detail below. 


Alternately, a coefficient of vertical eddy diffus- 
ivaity K> ican be calculated from the rate of downward displace- 
ment of the isotherms, in combination with the vertical tempera- 
ture gradient; 


wil Tz, ) 172) = —\k. vod | (6 &) 
2 


where w' is the rate of downward displacement of the lake-mean 
depth of the isotherm considered, z' its lake-mean depth at the 
time of observation and T(z') its temperature, and where T(z}) 
is the temperature at the bottom, K, the calculated eddy aif fo 
Sion and Jthe vertical temperature gradient at a depth z' 

2 
Equation b has been developed by the present author in an effort 
to obtain a more accurate estimate of the mean coefficient of 
vertical eddy diffusivity in the thermocline region; this equa- 
tion is less sensitive to variations in thermal structure than 
equation a. 


The equations a and b have been applied to intermed- 
iate depths only. Close to the surface they are not valid, 
due to the fact that increases in temperature are caused by 
the absorption of radiative energy as well as by downward 
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mixing. The trophogenic zone (the layer in which 99% of all 
incoming radiation is absorbed) varies in thickness from cruise 
to cruise. Data on the penetration of light in Lake Ontario 
are scarce; some measurements, however, have been made by the 
Rochester Program Office (US Dept. of Interior, FWPCA, 1967) 
indicating that the trophogenic zone in the summer of 1965 
varied in thickness between 10 and 25 metres, depending on time 
and location, and averaged about 20 metres on the cruise with 
the clearest water. 


At depths well below the thermocline, the vertical 
temperature gradient, and changes in heat content, become so 
small that the equations a and b cannot be applied successfully 
to the present data. For these reasons, both Kz and Ks have 
been calculated only in the thermocline region. The results 
are summarized in Table 8, Kz has been determined for every 
5 metres down to 40 metres, Kz for values of z corresponding to 
the lake-mean depth of the isothermal surfaces between 5 and 
15°C. In both cases the table only gives mean values of the 
eddy diffusivity coefficient for a value of z equal to the 
lake-mean thermocline depth over the corresponding two week 
period. 


In the following paragraphs the results obtained by 
the equations a and b will be compared, and arguments presented 
to support the usefulness of equation b. In the final para- 
graphs of this chapter the striking difference between the 
summer-mean values in 1966 and 1967 of both ks and Kz (0.19 and 
Dalz cm*/sec in 1966 and 0.006 (and 0 S035\icm 2/sec in 1967 respec- 
tively), will be discussed and an effort made to explain this 
difference. 


The standard deviation of the computed values of K, 
is as much as four times as large as that of Ky (Table 8), 
indicating that the summer-mean of the latter may be a more 
reliable estimate of the vertical diffusivity coefficient. The 
reason for the magnitude of the standard deviation of K, is 
that the vertical transport term wf, which has been neglected 
in the derivation of equation D.e (see Appendix D), is not 
always insignificantly small. Changes in the distribution of 
heat within the lake may cause reversible upward or downward 
Eluxesiof heat. This is illustrated in Fig. 25 tor the tcase ar 
a two layered model lake with an infinitely sharp boundary 
separating the two layers. An increase in the tilt of the 
thermocline, for example, causes an upward flux of heat on one 
Side and a downward flux on the other side of the lake. As .a 
result the lake-mean heat content below a unit area at depth z 
increases for all depths over which the thermocline ranges. The 
net downward transport of heat thus is reversible, since the 
original distribution of heat can be restored if the Cliche 
the thermocline decreases to its original level. 
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H in k cal/cm?2 
1966 


June July Aug. Sept. 


Fig. 56 Heat content below the surface and below 
four subsurface levels relative to a column 
of water of 4°C extending from each of 
these levels to a depth of 50 metres in 1966. 
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H in k cal/cm?2 
1967 


June July Aug. Sept. Oct. 


Pg PA57 Heat content below the surface and below 
four subsurface levels relative to a column 
of water of 4°C extending from each of 
these levels to a depth of 50 metres in 1967. 
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The importance of the reversible convective redistri- 
bution of heat in the actual lake is illustrated in the Figs. 
56 and 57, which show fluctuations in the mean heat content of 
the lake below certain levels during the 1966 and 1967 field 
seasons. In the middle of July 1966, for example, the heat 
content below the 7.5 metre level increases much faster than 
the total heat content of the lake, and in early September of 
the same year the heat content below 17.5 metre level decreases 
temporarily while the total heat content is still increasing. 
In both cases the slope of the thermocline shows sudden varia- 
tions, increasing and decreasing markedly, and the computed 
values of Kz are unrealistically high and low respectively. An 
increase in thermocline slope, for example, may cause warm 
epilimnion water to locally penetrate to depths normally 
occupied by cold hypolimnion water, thereby increasing the lake- 
mean heat content at this level. Similar features are brought 
out by the 2967 data, where K, even Lurns) negative on-three 
instances due to an apparent upward flux of heat. These 
irregularities are caused by the fact that the vertical trans- 
port term wf in equation D.d obviously cannot be neglected in 
the samples given. In the derivation of equation b, on the 
other hand, this term has been taken into account implicitely 
by referencing the equation to a coordinate system moving up 
and down with elements of the thermal structure. The computed 
values ‘ef KZ consequently are more reliable, than those ef KZ, 
which is also brought out by the difference in their standard 
deviations. 


The difference in the mean values of Kz and K, is 
caused by.a different mechanism. Kz, the mean vertical eddy 
diffusivity at a constant depth z, is based on the gradient 
of T(z), which is calculated by averaging the observed tempera- 
tures at each level. Kz, on the °pther hand;~1s based.on the 
gradient of Z(9), which is usually larger than the gradient of 
T(z). Consequently, KZ will be somewhat smaller than K,. 


For these two reasons the author feels that the 
estimates of the coefficient of vertical eddy diffusion given 
by K, are more accurate than those igiven by Ky and 12n the 
remaining part of this section only K%Z will be discussed. 


Attention has already been drawn to the ining cectiesys 
large difference between the summer mean etree aaa of Ky in the 
two summers studied, Kj, being 0.12 and 0.03 cm 2/sec tn 1966 
ad) e657 respectively. This is undoubtedly related to the 
difference in weather conditions during the two summers. Wind 
conditions in particular are significantly different, as was 
discussed in Section 2.3. The magnitude of ‘the coefficient jor 
eddy diffusivity in the thermocline region is directly propor- 
tional to its rate of downward displacement (see equation b). 
This, in turn, is strongly dependent on wind strength, espec- 
ially on the strength of the strongest winds occurring during 
the period. of observation by Appendix C, and the lack of strong 
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winds in July and August 1967 may thus explain the low value 

of Kz for this year. More experiments are needed, however, to 
determine whether the wind alone can account quantitatively for 
the differences between the two years, or whether other factors 
should be considered as well. 


In view of the foregoing arguments the author con- 
Siders the 1966 values of Kj} to be more representative than the 
1967 values for conditions in the lake during the majority of 
years. | 


Csanady (1964) has published the results of a series 
of dye experiments in the Lakes Erie and Huron, undertaken to 
determine the coefficients of horizontal and vertical eddy 
diffusivity in the epilimnion. He indicates as typical values 
for the horizontal and vertical diffusivities in this layer: 
Kxe=1000 cm*/sec and Kze=7 cm2/sec respectively. These results 
maynothe directlycomparable with the value,of K,..in the 
thermocline region of approximately 0.1 cm2/sec, due to the 
difference in techniques used, but the order of magnitude of the 
difference between Kz~ and Kz, and between Ky, and Ky, is cer- 
tainly significant. The thermocline consequently acts as a 
"diffusion" floor, at least in the summer, greatly reducing the 
diffusive penetration into the hypolimnion of any substances 
dissolved in the epilimnion. 


6.2 Dynamic Height 


The use of dynamic height calculations to deduce cir- 
culation patterns in a large lake is a risky procedure, since 
lakes seldom are large enough to warrant neglect of the effect 
of their boundaries in the basic equations. The technique has 
been applied with some success, however, to Lake Huron by Ayers 
(1956) and to Lake Superior by Ragotzkie (1966). Recently it 
has also been used on Lake Michigan (Bellaire and Ayers, 1967; 
Noble, 1967) and on Lake Ontario (Scott and Lansing, 1967). 


Scott studied data from a number of cross sections in 
eastern Lake Ontario. He used the dynamic height method to 
calculate currents, assuming a geostrophic balance, and taking 
the 45 metre level as the depth of no motion. The current is 
given by: 


y 210! sin ie Boas 2 


ys x lo “sen o 


where gis the angle between a surface of constant dynamic height 
anomaly and the horizontal, and o& the latitude of observation. 
Scott estimated that the influence of centripetal accelerations, 
caused by the curvature of lake boundaries, on the geostrophic-— 
ally calculated current is not more than 15 percent, and he 
therefore neglected this effect in his calculations. The choice 
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of the depth of the level of no motion is not critical, as long 
as it remains below the thermocline, since the computed dynamic 
height gradients are hardly affected by the small horizontal 
temperature gradients occurring in the hypolimnion, where all 
water is about 3.9 °C. “His major conclusionstare: 


(i) a relatively strong gradient current (speeds up to 
30 cm/sec) moves in a counter-clockwise direction 
along the southern and eastern shores; 


(ii) a weak counter-current flows westwards along the 
northern shore; 


(iii) these currents are a regular feature in the eastern 
part of the lake, at least in late spring and early 
summer. 


Very few direct current measurements have been made, however, 
to support these conclusions, and the applicability of the 
geostrophic method to calculate the numerical strength of these 
currents is insufficiently substantiated. 


The present author calculated net transport through 
the three N-S sections from Petticoat Point to W. Nine Mile 
Point (Fig. 4) from data presented in Scott's paper by inte- 
grating the currents over the cross-sectional area. The res- 
pective transports for cruises.on July 13, 1965s \Vuneis;cl 965; 
and July 8, ' 1966, are 14 x 10°, 6.4 x 10© and 46 x 106 liters/ 
sec towards the east (Table 9), much in excess over the summer- 
mean net eastward flow of 6.4 x 10° liters/sec through the lake 
to the mouth of the St. Lawrence River (DEMR). This discrepancy 
cannot be explained by assuming a return flow in the hypolimnion 
balancing the difference between geostrophic and net eastward 
flow, since this would involve an unrealistically large rate of 
thermocline descent in the eastern section of the lake. An 
excess flow of 10 x 10° liters/sec, for example, would cause 
the thermocline in this section to increase in depth at a rate 
of 24 cm/day, up and above the natural rate of increase due to 
downward mixing. Neither can the choice of a different level 
of no notion solve the problem, since temperatures in the 
hypolimnion are so nearly uniform that variations in depth of 
the reference level hardly affect the geostrophic calculations, 
unless the reference level falls partially within the epilim- 
nion. The temperature distribution, however, does not provide: 
any clues to help define a level of no motion within the epilim- 
nion, and thus does not support this assumption. It appears, 
therefore, that the current velocities and transports deduced 
from Scott's data cannot be real, unless they are transient 
rather than persistent features. 


| To test. their consistency, geostrophic transports 
have been calculated from summer-mean thermal distributions to 
reduce the influence of transients. All calculations are made 
with reference to an assumed level of no motion at a depth of 
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50 metres. The summer-mean dynamic height patterns for 1966 
and 1967 (Figs. 58 and 59) are essentially similar, showing in 
both years a maximum near the southeastern shore and a minimum 
in the Toronto region, and indicating a strong eastward flow 
along the southern, and a weak return flow along the northern 
shore. The geostrophically calculated strength of this current 
is approximately 5 cm/sec over a 20 km wide zone. Speeds could 
be much higher, however, if the current were to be concentrated 
in a narrow zone along the shore; the present station network 
regret tabilyvls*itoowcoarse ‘to resolve! thi'st 


Interpretation of the data is complicated by the fact 
that the contours of equal dynamic height are seldom closed in 
themselves, but tend to run from shore to shore. Assuming a 
layer of no motion below the thermocline, or at the bottom, the 
mean eastward transports through a N-S cross-section from 
Petticoat Point to West Nine Mile Point is 48 x 10® and 35 x 
10© liters/sec in 1966 and 1967 respectively. This is of the 
Same order of magnitude as the values calculated from Scott's 
data, thus confirming his original conclusion that the calcu- 
lated geostrophic currents are consistent rather than transient 
features during the summer. The discrepancy between net 
eastward flow and calculated geostrophic transport, however, 
is also confirmed, and the conclusion that equation a cannot 
be used to calculate the numerical strength of currents in the 
eastern section of Lake Ontario thus seems inevitable. 


The basic reasons for the breakdown of the geostrophic 
method in Lake Ontario are probably twofold. First of all, it 
may not be correct to neglect boundary conditions in a rela- 
tively small lake, like Lake Ontario, not only because of the 
effect of centripetal accelerations of the currents due to the 
curvature of the boundaries, but also because of the increased 
importance of other effects, such as lateral and bottom fric- 
tion. Secondly, the relatively persistant eastward component 
of the wind exerts a strong, only occasionally interrupted, hor- 
izontal force on the lake, which must be taken into account in 
Setting»up the dynamic equations. ‘This, has ,notybeen deneyin the 
derivation of equation a. 


The foregoing does not imply that the geostrophic 
method is useless as a tool in studying flow patterns in the 
Great Lakes. The general circulation pattern, found by Scott 
in' the eastern section of Lake Ontario, has been qualitatively 
substantiated by direct current measurements (FWPCA, 1967) and 
drift object studies (Hamblin and Rodgers, 1967). The flow 
patterns deduced for other lakes by the dynamic height method 
also have been supported by various other measurements, and all 
authors quoted above give good evidence for the qualitative 
applicability of the method. Ayers (1956), however, pointed 
out that the computed transport through a section in Lake Huron 
was about twice as high as the outflow of the St. Clair River, 
but he attributed this to inaccuracies inherent to the necessary 
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interpolations of the observations and to the choice of the 
reference level (the level of no motion). 


One of the reasons for the breakdown of the numerical 
applicability of the geostrophic method is the fact that wind 
induced currents are not taken into account. The wind over Lake 
Ontario has a relatively consistent eastward component, which 
will generate a southward drift current along the eastern shore 
counteracting the northward dynamic current. Proudman (1953, 
page 179), described a situation in an unbounded ocean con- 
sisting of a two layer system, without friction between the 
layers, where a wind drift is combined with a gradient current 
in such a manner, that there is no resultant transport. In this 
case the wind blows approximately parallel to the lines of 
greatest gradient of dynamic height, in an "uphill" direction. 
The relation between windforce and the dynamic height gradient 
is then given by: 


2 
Kp, U4, = 9 Ph Sin ¢ (6.2.4) 
where k = wind-shear stress coefficient, 
Pa= density, of ax} 
u,= wind velocity relative to the water, 
g = acceleration of gravity, 
Gs density of water im the upper layer, 
h = depth of the upper layer of water, and 


¢e angle between the water surface and the horizontal. 
In this model the dynamic height gradient is proportional to the 
angle @ , due to the uniformity of temperature within each of 
the two layers, and is, in the upper layer, se ai by RL ¢ 
Substitution of: they cons:tants::k | =: 2:5) 0 Loy @=1.25 

x 1073 gm/cm3, Pw = 1.00, and g = 980 sero, (Proudman), 
gives: 


Asin @ = 3.19 x10°U (6.2.6) 


In a stationary condition, and in the absence of currents in 
the lower layer, the relation between the surface slope ¢ and 
the slope @ ‘of the interface is given by: 


tq gy’ = Cie t gy (6.2.2) 


where 9 is the density of the hypolimnion water. For small 
angles g and ¢g’ equation (d) can be approximated by: 
SOre (Ie on Mines» Stig (6.2.€) 

‘ > ag 


eal 


Substitution of (e) in (c) gives for the relation between 
thermocline slope and wind stress: 


Alp, —p,, ) Sn gp” = 319 x10 7u,? (6.2. f) 


Equation f can be applied to estimate the magnitude 
of a mean dynamic height gradient that would balance the wind 
Qrift.. -The® author’ realizes that, in applying this equation to 
Lake Ontario, he is open to the same criticism as given above 
on the applicability of geostrophic methods developed for an 
unbounded ocean, the lake is of limited dimensions, It is never- 
theless felt that (£) can jgive,an, indication,jof:the order of 
magnitude of the wind drift factor. 


The mean windstress at Toronto.International Airport 
in the summer of 1966 has eastward and_ southward components of 
kpens@ ,xcboo Manat k*x 33x 10? (cm/sec) 2 respectively, where k is 
the windstress coefficient. Windstresses on the lake surface 
will be somewhat higher, and can be estimated from shore based 
observations using the lake breeze index (Richards, 1964, 
quoted in Richards et al, 1966), which averages 1.39 over the 
summer. This gives for the eastward and southward windstress 
components over the open lake values of k x 155 x 103 and k x 
64 x 103 (cm/sec)2 respectively. Substituting this in equation 
f, taking for the mean thermocline depth in the eastern half a 
value of 22 metres and for the density difference between epil- 
imnion and hypolimnion a value of 1.77 x 1073 (corresponding to 
temperatures of 20 and 4°C respectively), the equilibrium slope 
of the thermocline in the direction of the wind is found to be 
19 cm/km. In other words, in an unbounded ocean an average 
windstress¥of! 2.5°x"10-3° x 155 x 103 = 387 cm/sec? would roughly 
compensate for the geostrophic transport due to a dynamic height 
gradient of 3.3 x 1073 cm/km (which, for an epilimnion tempera- 
ture of 20°C, corresponds to the observed slope of the interface 
of 19 cm/km). The actually observed slope, in a direction per- 
pendicular to the eastern shore, is in the order of 20 cm/km 
(Fig. 58), increasing to a maximum of 27 cm/km in the vicinity 
of Rochester. The mean slope of the interface along the long- 
itudinal axis of the lake is 7 cm/km. 


The mean windstress for 1967 is about 30% smaller than 
that for 1966 (Table 10). The slope of the interface, and the 
dynamic height gradient, on the other hand, are roughly equal to 
those “in "#1966 ."""Application of ‘Equation £ to. the 0967 dataygives 
for a thermocline slope balancing the mean windstress a value of 
12 cm/km. Both the calculated and observed thermocline slopes 
thus are of the same order of magnitude as in 1966. 


It has been shown that, for the model of an unbounded, 
two-layered ocean, the transport due to a wind drift current, set 
up by an eastbound wind equal in magnitude to the residual wind 
over the lake, will largely compensate the geostrophic transport 
due to a dynamic height gradient of the magnitude generally 
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parameter 


wind 
component towards east 


component towards north 


wind square 
component towards east 
component towards north 


mean 


thermocline slope 
calculated 
max. over 20 km near E. shore 


mean over longitudinal axis 


thickness epilimnion 


lake mean 


mean near eastern shore 


Table 10 


(cm/sec) * 


ec secit 


cm/km 
cm/km 


cm/km 


cm 


cm 


me TS 


{29 Se 10% 


-64 x 10° 


174 x 102 


19 


27 


145 


42 


93 


19 


108 


L2 


27 


18 


22 


pia Ih 


So HO 


A comparison of mean wind data, mean thermocline slope, 


and calculated thermocline slope in the case of zero net 
transport along the eastern shore (see text Section 6.2), 


for the summers of 1966 and 1967. 


The mean winds are 


based on observations at Toronto International Airport, 
adjusted for conditions over the open lake by multiplication 
with the lake breeze index. 
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observed in Lake Ontario. The influence of boundary conditions 
on calculations such as those made above cannot be neglected, 
but it seems nevertheless likely that windstresses can seriously 
hamper any attempt to estimate transports or current velocities 
by purely geostrophic calculations. This does not affect the 
value of the geostrophic method in deducing general current 
patterns from temperature observations, as was pointed out 
above, but in a quantitative calculation of actual transports 
the windstress must be taken into account. 


6.3 Response to the Lake to Winds 


The thermal structure of the lake is subject to 
variable external forces acting on its surface, causing both 
oscillatory and semi-permanent deviations from an equilibrium. 
The equilibrium structure is, for the purpose of the following 
arguments, characterized by the absence of horizontal gradients. 
The vertical temperature profile then is determined by such 
factors as the exchange of energy through the air-water inter- 
face and turbulence. Oscillatory deviations from the equilibrium 
can be triggered by air pressure fluctuations and by variations 
in the wind field. Semi-permanent deviations are mainly caused 
by residual winds over extended periods of time, and by effects 
related to the rotation of the basin. 


The response of the lake to variations in external 
forces is rather complicated. It may be useful to introduce the 
term "response time" to indicate the lag between a change in 
external forces and the response to this change. The response 
time is a function of the rate and the amplitude of changes in 
the forcing agent as well as of location within the lake and of 
the property involved. It is, for example, obvious that a 
noticeable change in the thermal structure must be preceded by 
a change in currents; the response time for the latter thus is 
shorter than that for changes in the thermal distribution. 


6.3.1 Response Time of Currents 


Currents can respond fairly rapidly to changes in the 
Wind direction. “In a preliminary’ report’ by?the) Rochester 
Program Office, Federal Water Pollution Control Administration 
(1967), it is indicated’ that surface’ currents’ oftenirespond An 
less than 6 hours to a wind-shift. Nearshore currents may 
respond even faster. These conclusions are based on current 
measurements in 1965 on a network of buoy stations distributed 
over the whole lake. Hamblin and Rodgers (1967) studied near- 
shore currents in the Toronto Region, but they did not feel that 
enough data had been collected to formulate definite conclusions 
about the response time. Data presented in their report, 
however, seem to suggest a much longer response time to a 
complete reversal of the wind, in the order:-of '24 “hours 4 Their 
measurements have been collected from an instrument tower, 
situated about 1,400 metres offshore in the vicinity of Toronto 
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in a water depth of 10 metres. Currents in this location are 
almost always parallel to the wind. A reversal of the wind 
direction is usually, but not always, followed by a reversal 
of the surface current after 20 to 30 hours. 


The difference between the results quoted depends 
partially on the location, partially on a difference in the 
method of analysis of the data. Both estimates are based on 
visual scanning of the records. The FWPCA records have been 
scanned for the response of current to rapid changes in the 
wind direction under storm conditions (personal communication 
from D. Casey), whereas the present author scanned the Great 
Lakes Institute records (Hamblin and Rodgers, 1967) for a 
reversal of the current caused by any reversal of wind direction 
lasting long enough to affect the current, regardless of wind 
strength. It is obvious, however, that the stronger the wind, 
the faster the currents will respond, and the difference in 
scanning techniques may thus partially explain the difference 
in the estimated response times. The available information can 
be summarized as follows: both the speed and the direction of 
currents in the lake respond to changes in the windfield within 
a period of 6 to 24 hours. The response time depends on the 
rate of change of the winds as well as on the location of the 
point of observation, and tends to be shorter for stronger winds 
and near the shores. 


6.3.2 Response Time of Thermal Structure 


The spacial distribution of temperature responds much 
more slowly to changes in the windfield, since a change in 
current has to persist for some time to transport a volume of 
water large enough to cause a significant change in thermal 
structure. To obtain an impression of the response time in 
local, nearshore areas, temperature records for a number of 
water intake stations have been analyzed and correlated with 
winds. Three of the stations are in the vicinity of Toronto, 
One near Rochester (Table 2). 


In Fig. 6, noon-hour temperatures observed at the R.C. 
Harris plant near Toronto and at the Monroe County water intake 
near Rochester are compared with each other, and with the east- 
west component of the three-day mean wind vector. This figure 
Clearly illustrates the negative correlation between the 
temperatures at opposite sides of the lake and the strong 
dependence of both on the wind. These relations have been 
studied in more detail by correlation and spectral analyses of 
series of wind and temperature data, sampled at 6 hour intervals 
starting midnight on May 31, 1966, and ending on September 30 
of the same year. The wind data are 6 hour vector-mean winds 
for Toronto International Airport, centered around the time of 
observation of the temperatures. 
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The results of the correlation analyses are given in 
Fig. 60, the dotted lines indicate the 95 percent limits for a 
correlation r not differing significantly from zero (r=0.09). 
Water temperatures near Toronto are correlated negatively with 
the east component of the wind, those near Rochester positively. 
The correlation is barely significant for lag 0, but increases 
rapidly and reaches a maximum of 0.3 to 0.4 after 36 to 48 
yours. After 4 1/2 days the correlation becomes insignificant 
and it remains so for longer lags. Correlation with the north: 
component of the wind is very low, never more than 0.15 for the 
Toronto stations, and only for short lags up to 0.2 for the 
Rochester station. A further study of the data shows that 
correlation of the observed temperatures with the east component 
of the wind is better than with either the northeast or south- 
east components. The correlation analysis confirms the response 
time of about 48 hours that can be estimated by a visual compar- 
ison of the traces in Fig. 6. 


In the second part of September a cruise has been made 
in the Rochester area during the only period in the summer of 
1966 with strong easterly winds lasting more that 24 hours. 
Extensive upwelling is found in the Rochester area about 44 hours 
after the winds shifted in Toronto, but only a slight onset of 
upwelling in the Oswego area, sampled 12 hours earlier. Monroe 
County water intake data, sampled at a depth of 12 metres, show 
a marked drop in temperature about 30 hours after the start, and 
a return to near normal values 48 hours after termination of 
this spell of easterly winds, again confirming a response time 
of the thermal structure in the order of 36 to 48 hours. 


The response time discussed in the preceding paragraphs 
is based on local, nearshore observations of the thermal 
structure. The average east-west tilt of the thermocline, 
however, was never reversed throughout the summer (see Figs. ll 
and 12), even though large fluctuations in the nearshore depth 
of the thermocline often occurred. It is interesting to compare 
the observed response times with the time needed to obtain a 
complete reversal of the thermocline tilt. The latter can easily 
be calculated from the mean epilimnion depth in the western (Zw) 
and eastern (2) sections of the lake (Table 5) in combination 
withean assumed) average horizontal velocity v.) Thevtime t 
needed to complete reversal is given by: 


tvZy mtbopetitayd snel-o4 


where Z is the lake average depth of the thermocline, y the 
width of a north-south cross-section through the lake, and 1/2 A 
the area of the eastern or western half of the lake. o“substitu- 
tion of summer mean values (2 = 17.0 m, Zy = 13.2 m, 4, = 20.8 
m), and of A = 18,250 km2, y = 80 km and a mean velocity of 10 
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CORRELATION VN and VE with T1, T2, T3, T4, 
Period 1 June - 30 Sept 1966 


—-—-- 95°/, Confidence Limits 


Correlation between the east and north 
components of the wind and water intake 
temperatures from four different stations 


for the 1966 field season. For the location 
of the stations see Table 2. 
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cm/sect) gives a reversal time of 7.3 days. Even assuming a 
westward current, in the middle of the lake, averaging 30 cm/sec 
Over the cross-sectional area of the epilimnion, the reversal 
time would be 2 1/2 days! Currents of this strength, however, 
can and do occur locally, but it seems unlikely that they would 
occur over the whole width of the lake. 


The length of the calculated response time of the 
overall thermal structure explains why no reversals of the east- 
west tilt of the thermocline were observed during the summers 
of 1966 and 1967. At no time during those two summers did winds 
blow from the east for a period long enough to cause a complete 
reversal of the tilt. 


6.4 Auto and Cross Spectra of Water Intake Temperatures 


and Winds 


Various authors have analyzed periodicities in series 
of temperature or current data on the Great Lakes. Csanady 
(1967) recently studied the oscillations from a theoretical 
point of view. He computed the types of internal and surface 
modes that occur in a "Model Great Lake", which he defined as a 
circular basin of constant depth containing two layers of fluid 
of slightly different density and having a diameter comparable 
to the dimensions’ of the Great Lakes. He suggests the’ existence 
of two types of internal oscillations with finite frequencies: 


1. slow, counter-clockwise rotating internal waves 
with periods of many times the half pendulum day 
("Kelvin waves"), and 


2. internal seiches rotating in either direction 
with periods up to or within a small fraction 
of the inertial period, 


and athird’ type of’ "oscillation" with a frequency z2éro, which 
May manifest itself as a jet-type current along the shores. 


Mortimer (1963) has found some experimental evidence 
for the first two types of oscillations*in watervantake data 
from a number of stations around Lake Michigan. Verber (1966) 
found evidence of periodicities of about 17.4 hours, which is 
near the inertial period, in power spectra of current records 
sampled in the same lake. Progressive vector diagrams of the 
current, especially in the open lake, sometimes show a very 
clear rotary movement of the water with this period. A similar 


I  ——————— 


the Rochester Program Office (1967) reports an average net 


transport velocity of 5 cm/sec and an average speed of 15 
cm/sec in the epilimnion throughout the summer of 1965. 
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peaking in current spectra of Lake Ontario has recently been 
reported by Hamblin and Rodgers (1967). They also found a 
diurnal peak in the power spectra, which is highly correlated 
with diurnal fluctuations of wind. This peak is not obvious in 
the power spectrum published by Verber, but that may be due to 
the fact that his data were sampled much further offshore than 
Hamblin and Rodgers' data. The latter authors also carried out 
a cross spectral analysis between currents and winds. Slow 
variations in the currents (periods over 30 hours) are well 
correlated with the east-west component of the wind, but their 
correlation with the north-south component, which is almost 
perpendicular to the shore at the observation site, remains 
below the 95 percent significance level. Diurnal current 
fluctuations, on the other hand, are well correlated with the 
north-south component of the wind, but in this case the correla- 
tion with the east-west component remains below the 95 percent 
Significance level. 


The water intake data collected by the present author 
have also been subjected to spectral analysis. The data series 
consist of about 500 points, read off the original data records 
at 6-hour intervals, and covering the period of June 1 through 
September 30, 19661; the location of the water intakes is 
Summarized in Table 2. Auto and cross spectra have been 
determined for wind data from Toronto International Airport and 
for the water intake temperatures. 


6.4.1 Auto Spectra 


Power spectra of both the winds and the temperatures 
are presented in Fig. 61; the 95 percent confidence limits have 
been indicated by an arrow on the righthand side (Munk et al, 
1959). The temperature spectra show a large peak near the 
inertial period of 16.5 hours, but relatively little energy is 
present in the "diurnal period. This does not..contradict Hampaan 
and Rodgers' finding of a diurnal peak in the current spectra, 
Since changes in the thermal structure are secondary to changes 
in the current, and thus may be much smaller. Another, less 
conspicuous, concentration of energy shows up as a slight bulge 
in the spectrum.for periods of; 5 to 8.days. 


Wind spectra show a peak for a period of 4 to 8 days 
and two peaks on either side of the diurnal period. The fact 
that the diurnal peak is split into two peaks may be due to 
insufficient length of the record analysed or to aliasing 
caused by the low sampling frequency. For periods over 10 days, 
the power in the wind spectrum decreases with increasing periods, 
whereas power in the water temperature spectra keeps increasing 
over the full range of frequencies analyzed. The difference is 


lone 1967 water intake data records have not been studied. 
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PS a 1 Power spectra of the water intake temperatures 
of four different stations, and of the north 
and east components of the wind, for the period 
of June through September 1966. 
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probably due to the influence of seasonal changes in temperature 
and also to the strong dependence of the latter on heat exchange 
and residual winds. The energy in the low frequency range may 
also be increased by the natural response frequency of the lake: 
the first order longitudinal internal wave has a period of about 
isdays. 


6.4.2 Cross spectra 


Cross correlation spectra have been calculated for 12 
and for 50 lags. The latter calculations give a better resolu- 
tion of the peaks, but are subject to larger random errors and 
the resulting spectra consequently fluctuate more than those for 
12 lags. In the spectra presented, the results of the high 
resolution analysis are given whenever they are significant; but 
when they hover around the 95 percent significance level, usually 
atthe snagh at meq@ency end of the’ spectrum, Che results OF the 
low resolution analysis are presented. The transition is marked 
by a discontinuity in the curves and an arrow along the frequency 
axis. Dotted lines indicate the 95 percent confidence limits of 
a coherence differing from zero (Appendix E). The phase has been 
omitted whenever the coherence remains consistently insignificant 
for a frequency interval. 


In the illustrations, lags are expressed in degrees 
and indicated as positive if the first data series is ahead of 
the second series by up to half a period, negative if it lags 
behind the second series by up to half a period. The coherence 
is a measure analogous to the actual correlation (not to the 
Square of the correlation) between two series of data. 


The cross spectra between the three water intake 
temperature records sampled near Toronto are presented in Fig. 
62. They show a very high level of correlation (0.9) for low 
frequencies, even though one station is almost twice as deep 
as the other two. For periods shorter than 5 days, however, 
the coherence decreases rapidly, becoming barely significant for 
periods between 1 and 2 days. A secondary peak marks the 
inertial period of 16.5 hours. The coherence between the two 
shallow water intake stations, R.C. Harris (T]) and the Old 


Pe can be calculated (Proudman, 1953) from 


i oP eas 6 + told 
Fever .tdbe wdewt 


where T is the oscillation period, L the length of the basin, 
g the gravity acceleration, h and h' the thickness of the 
upper and lower layers and ‘s and Pp their densities. 
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CROSS SPECTRA 
OF WATER INTAKE TEMPERATURES 
NEAR TORONTO 
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Pig 2702 Coherence and phase lag between temperature 
data from three water intake stations in 
the Toronto region. In the high frequency 
region the number of lags used in the 
analysis is reduced from 50 to 12 in two 
of the three data series (T, with T, and T 

; 1 2 2 
with T3). 
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Eastern Island Plant (T3), also shows a peak for the diurnal 
fluctuation. This peak, which barely can be recognized in 
their power spectra, is highly significant in a statistical 
sense, and may be related to the diurnal periodicity in the 
winds. The phase relation between these two stations indicates 
a lead of the western station over the eastern for almost all 
frequencies, suggesting a clockwise rotation of the internal 
waves. The 95 percent confidence limits of a phase lag differing 
from zero has been calculated (Appendix E) for the mean 
coherence of the three stations and is indicated by the shaded 
area in Fig. 62. The "clockwise" lag between the Old (Eastern) 
Toronto Island’ Plant ‘data (T3)/"and the RuCl Harris data’ (Tl yy 
13 km east of the former, is statistically significant for 
periods of 6 to 8 days and corresponds to an eastward speed of 
the internal waves of 0.7 km/hour. These observations do not 
agree with the counter-clockwise rotation found by Mortimer 
(1963) for internal waves moving around the basin with a 
similar velocity (1.8 km/hour). His data, however, are based 
on a study of individual occurrences of slowly rotating waves 
with a large amplitude,‘whereas the present data are based on 
a statistical analysis of a continuous series of data. The 
presently observed clockwise rotation can perhaps be explained 
by the generally eastward movement of meteorological distur- 
bances over the lake. 


The coherence between the Toronto water intake tempera- 
tures and the Monroe County data (Fig. 63) is below the 95 
percent significance level for almost all frequencies, with 
the exception of a marked peak for a period of about 8 days. 
Coherence in this peak rises to between 0.6 and 0.7, the phase 
lag between the opposite sides of the lake is roughly 180°. 
The power spectra of temperatures and winds, and the correlation 
spectrum between temperature and the east component of the 
latter, also reflect a peak for the same period. More data are 
needed to decide whether this correlation is due to a rotating 
internal wave or whether it is an indirect effect caused by the 
correlation between temperatures anywhere in the lake with the 
wind. 


The correlation between winds and water intake tempera- 
tures is shown in Figs. 64 and 65. Temperatures are strongly 
correlated with the east-west component of the wind for periods 
longer than 5 days (up to 0.8), and, to a lesser extent, for 
periods down to one day. For diurnal and shorter periods the 
coherence is well below the 95 percent confidence limits. 
Correlation with the north-south component of the wind, on the 
other hand, is much lower, fluctuating around the 95 percent 
confidence limits and showing a few peaks up to 0.4 for periods 
of about 2 and 4 days in the Toronto region and a similar peak 
for a 6-day period in the Rochester area. Nearshore tempera- 
tures thus are much more dependent on winds blowing longitudin- 
ally over the lake than on winds across the lake. The reason 
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Fig. 63 Coherence and phase lag between temperature 
data from each of three water intake 
stations in the Toronto region and data 
from a station near Rochester. In the 
high frequency region the number of lags 
used in the analysis is reduced from 50 
to-12 
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Fig. 64 Coherence and phase lag between the north 
component of the wind (Toronto International 
Airport) and the temperature data from each 
of four water intake stations. The data 
are analysed for 12 lags only. 
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65 Coherence and phase lag between the east 
component of the wind and temperature data 
from each of four water intake stations. 
In the high frequency region the number 
of lags used in the analyses is reduced 
fron, 50)to- 22. 
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for this is not immediately evident, but it may be related to 
the location of the stations or to the consistency of the east- 
west slope in the thermocline. 


A wind blowing towards the east is positively 
correlated with a temperature decrease near Toronto and with a 
temperature increase in the vicinity of Rochester. The lag 
between winds and temperatures for a very slow oscillation 
consequently is 180° near Toronto and 0° near Rochester, if the 
response time is negligibly small in relation to the period of 
the oscillation. In a preceding section evidence was presented 
for a response time in the order. of 36 to 48 hours for slow 
oscillations. The phase lag corresponding to a hypothetical 
2-day response time is indicated by a heavy line in Fig. 65 for 
those frequencies for which the coherence is sufficiently high 
to allow a reasonably accurate estimate of the actual lag. The 
shaded area indicates 95 percent confidence limits of the phase 
around the hypothetical 2-day lag, calculated from the mean 
coherence for the corresponding period (equation D.e). For 
periods between 6 and 25 days, the observed lags correspond 
within the 95% confidence limits to the assumed two-day lag, 
thus confirming the conclusions of the preceding section. 
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7. RESIDENCE TIME OF THE WATER 


The study of the effectiveness of anti-pollution 
measures on the Great Lakes is complicated both by the large 
volume of these lakes and by a lack of knowledge about the 
fate of many of the pollutants discarded into them. An 
increased efficiency of waste removal from sewage consequently 
will only become noticeable after a number of years, even for 
conservative parameters, such as chloride, that are hardly or 
not at all affected by geochemical or biochemical processes. 
For chemically active substances the retention time may be even 
longer or, in some instances, almost indefinite when they are 
deposited on the bottom. 


The effect of a stepwise decrease in the input of a 
conservative parameter on its concentration in the lake has 
been calculated by Rainey (1967). He used a simplified lake 
model and assumed (i) the precipitation on the lake equals the 
evaporation, (ii) the flow rates R into and from the lake are 
equal and constant in time, (iii) the concentration C, of 
pollutants in the streams entering the lake and the rate of 
addition Q of pollutants from other sources are constant and 
(iv) all pollutants are distributed so that their concentration 
Co(t) is uniform throughout the lake. The concentration in) the 
lake at an arbitrary time t then is: . 


~ 4 to)f fre | (7a) 


where the time-constant tT =R/V, V is the volume of the lake, 
ana .Co(0) the’ initial concentration. 


Git) = Clo) +c, + 


The adaption of concentrations in the lake to a step- 
wise change in input concentration is given by the "reduction" 
factor y (t): 


Pigs 1 fet ences. Cfo}iesns one) 


Q 
C7 te - ¢ (0) 


Combiffing*tay" and ())* gives: 


p(t) = ea | (7.c) 


The factor ge it) is reduced to 10 percent after a length of time 
given by tt = 2.3. For Lake Ontario the ratio of yearly flow 
over volume, ZT , is 0.128, and the time t needed for a reduction 
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of } (t) to 10 percent, the "retention" time, thus is equal to 
203 /CCtOr 8 tyedaErs’ 


The lake model used by Rainey does not take the 
summer stratification into account. The present author repeated 
Rainey's calculations, changing only the last assumption, 
assuming that the lake is well mixed in the winter and strati- 
fied in the summer. Any pollutants entering in the winter then 
are mixed evenly over the total volume of the lake, but those 
entering during the summer are mixed only with the epilimnion 
water. No pollutants penetrate to the hypolimnion during this 
period, and the outflow of the lake is fed by the epilimnion 
only. Hypolimnion concentrations consequently are constant 
throughout the summer. During the fall overturn the two water 
masses ‘areamixed, ‘and sthe: concentration Cs tt becomes! ini Pome 
over the whole lake. 


Equation.c, relating Wede) to the time-constant C , 
is independent of the origin of the time axis, and the relative 
change in concentration over a time t therefore can also be 
written as a product of the reduction factors over a number of 
time intervals At. , ¢ Cts — Diet: 


ew) 


yd) = T eas ) (7.2) 


ces 


Rainey's equation, in a slightly modified version, thus can be 
applied to subsequent stratified and non-stratified periods, 
and:an overall reduction factor for a stratified period can be 
defined by: 


Vand A ete mt Asc Ea an a fake (7.e) 


where ,(t) and fy, (t) are the reduction factors and V] and V2 
the volumes of the ee layers respectively. The function }; (t) 
gives the mean concentration that would result from instantaneous 
mixing of the two layers at the moment t, and thus is directly 
proportional to the total quantity wigkan the lake of the 
parameter concerned. 


Assume the lake to be stratified from June through 
October, with an average epilimnion thickness of 15 metres, 
and vertically well mixed during the remaining 7 months. The 
time constant Z for the epilimnion then is 0.80, and the 
reduction factors for the epilimnion and the hypolimnion after 
a stratified season are 0.7363 and 1.000 respectively, giving a 
value of 0.9540 for the composite reduction factor yr ig The 
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LAKE ONTARIO 
RESPONSE TO A SUDDEN CHANGE 


IN THE INPUT OF A PARAMETER 


LAKE STRATIFIED IN THE SUMMER 
NEVER STRATIFIED 


Winter 
iA ypolimnion in Summer 
a—Fall Overturn 


Epilimnion in Summer 


(YEARS) 


Fig. 66 Response of the concentration of a parameter 
P to a stepwise change in the rate of input 
of that parameter into the lake. The 
function y (t) gives the percentage 
change relative to the total change in the 
rate of input. 
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reduction factor after a non-stratified season can likewise be 
calculated (equation c), and is 0.9279, and the yearly reduction 
factor is 0.9540 x 0.9279 = 0.8852. . Substitution of this in 
equation d shows that (t) is reduced to 10% after a period of 
approximately 19 years, which is only slightly higher than the 
retention time calculated according to Rainey's original assump- 
tions. 


This rather surprising result is mainly caused by the 
fact that the flushing time of the whole lake, 7.8 years, as 
well as that of the epilimnion, 1.2 years, both are much longer 
than the duration of the stratified period. 


Changes of concentrations in the lake computed 
according to either method are illustrated in Fig. 66. It may 
be interesting to note that the curves also can be interpreted 
as cumulative "age" distributions: of the water mass present 
at any time, for example, 90% is less than 19 years old, 50% 
less than 10 years, etc. 


In the foregoing it thus has been shown that the 
presence of vertical stratification during a part of the year 
hardly affects the retention time of a conservative pollutant. 
The essential assumptions are the effectiveness of horizontal 
mixing in the epilimnion during the stratified period, and of 
both horizontal and vertical mixing throughout the total volume 
of the lake during the remaining part of the year. Evidence for 
the first assumption has been presented in the Chapters 3 and 5, 
where it was shown that water with anomalous concentrations 
entering the lake from rivers is rapidly dispersed and mixed 
with surrounding waters. Mixing processes during the winter 
have not been studied in this report, but the effectiveness of 
vertical mixing is evidenced by the well documented replenish- 
ment of oxygen (for example Dobson, 1968) and the presence of a 
strong seasonal temperature cycle (Rodgers and Anderson, 1963) 
at all depths. Vertical mixing may not be equally effective at 
all times throughout the non-stratified period, but intermittent 
incidences occur frequently enough to maintain an almost uniform 
distribution of a parameter throughout the lake, due to the 
magnitude of the ratio of volume over flow. The relatively brief 
interruptions of horizontal mixing during the thermal bar 
periods may cause a slight increase in retention time, but the 
author feels that a good maximum estimate for the retention time 
of a conservative parameter is in the order of 25 years. 
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8. CONCLUSIONS 


In the present paper an analysis is presented of a 
large number of Lake Ontario limnological data, sampled mainly 
in the summers of 1966 and 1967, and an attempt is made to 
interpret the data in terms of thermal structure and of circula- 
tion and mixing processes. A general description is given of 
seasonal variations in thermal structure, mainly based on an 
extensive literature survey, and the processes taking place 
during late spring, summer, and early fall are described in more 
detail than has hitherto been possible. Although the paper does 
not deal with pollution per se, the fate of any conservative 
substance entering the lake is discussed in terms of dilution, 
distribution and residence time. The results can be summarized 
as follows (all conclusions are valid for the stratified season 
only, unless otherwise specified): 


1. From late October or early November until the middle 
of spring the lake can be considered as a fairly 
homogeneous body of water which is relatively well 
mixed over most or all of its volume. From late June 
until early fall the lake consists of a two layered 
system with a sharp interface, the thermocline. 
Within each of these layers the water is relatively 
well mixed. In spring and fall there are transition 
periods when the lake is only partially stratified, 
near the shores in spring and in the middle during 
fall, the two parts of the lake being separated by an 
area with strong horizontal gradients, the thermal 
bar. 


2. In the summer any substance entering the lake near or 
at the surface is mixed almost homogeneously over the 
total area of the lake and over the total volume of 
the epilimnion. 


3. There is evidence for a fairly consistent net eastward 
transport of water along the southern shore, but the 
current is neither strong nor confined enough to carry 
a significant part of the admixtures, originating on 
the southern and eastern shores, directly towards the 
St. Lawrence River. Chemical distribution patterns in 
the epilimnion indicate that any water with anomalous- 
concentrations of any parameter is rapidly dispersed 
and mixed with surrounding surface waters. 


4. Circulation patterns in the lake are strongly dependent 
on the winds: currents respond within 6 to 24 hours 
to changes in the wind field. The lake-wide distribu- 
tion of water masses, however, responds much more 
slowly. Locally the thermal distribution may respond 
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in 36 to 48 hours, but a lake-wide redistribution of 

water masses, such as would be required for a reversal 
of the tilt of the thermocline, takes 5 to 7 days, and 
does not occur during the 1966 and 1967 field seasons. 


The thermocline starts to develop in May but does not 
extend over the whole of the lake until late June. 
Throughout the summer it remains at a mean depth of 

12 to 20 metres, and in late September, early October 
the rate of descent of the thermocline increases again 
with the onset of fall cooling. 


The thermocline is usually much deeper in the eastern 
end of the lake than in the western end. The mean 
Slope is 5.6 cm/km, the lowest observed slope on any 
cruise in July, August or September is 2 cm/km. 

Surface temperatures show a similar east-west gradient, 
being on the average about 6C°® higher near Oswego than 
in the vicinity of Toronto. This is mainly caused by 
the predominance of eastward winds. 


The actual depth of the thermocline at any one 
location is also subject to seiche and internal wave 
action. Dominant periods in the spectrum of nearshore 
water intake temperatures, which reflect variations in 
the depth of the thermocline, are a band around the 
inertial period of 17.4 hours and, to a lesser extent, 
periods in the order of 5 to 8 days which may be 
correlated with similar variations in the wind field. 


The areal distribution of heat content per cm¢ surface 
area indicates that internal advection remains an 
important factor in the redistribution of heat, not 
only during dissipation of the thermal bar but 
throughout most of the summer... In July of,both years 
the centre of cold water shifts from the centre of 

the eastern half of the lake towards the northwestern 
Shores. The eastward currents in the epilimnion, 
corresponding to this redistribution of heat, reach a 
maximum mean velocity over the cross-sectional area of 
the epilimnion of 3 cm/sec over a 14-day period in 
July of both, years. .In August;and early September 
these advective currents are smaller and more variable, 
but later in September of both years a similar, 
although somewhat smaller, transport takes place in 
the opposite direction. 


The lake-mean vertical temperature gradient in the 
summer averages 2C°/m over a depth interval of 3 to 4 
metres, the maximum may be as high as 3 to 4C°/m over 
a depth ,interval, ofy2,teo 3 metres. 
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Upwelling is a regular feature in the lake, and can 
occur anywhere near the shores under offshore wind 
conditions. It occurs most frequently; however, or 
thervicinity of Toronto and eleewhere along, the 
northwestern shores. Water velocities during a period 
of strong upwelling may be as high as 5 cm/sec in an 
offshore direction and 7 x 107” cm/sec in a vertical 
direction towards the surface. 


The vertical coefficient of eddy diffusivity, K,, has 
been calculated with reference to a coordinate system 
fixed in space as well as with reference to a coordin- 
ate system fixed relative to the thermocline. The 
latter technique, recently developed by the author, 
gives lower but more accurate estimates of Kz in the 
thermocline region. The summer-mean vertical 
coefficient of eddy diffusivity in the thermocline 
region, 0.2 cmé/sec, is almost two prgers of magnitude 
smaller than that in the epilimnion (7 cm2/sec) and 
about 4 orders of magnitude smaller than the horizontal 
diffusivity coefficient in the epilimnion (2000 
cm2/sec). Diffusive transport down into the hypolimnion 
of any substance dissolved in the epilimnion thus is 
very small throughout the summer, and the thermocline 
AGiSwac oa TOU Et Us Ton loo’, 


Geostrophic calculations are not useful as a tool to 
calculate the numerical strength of currents from 
dynamic height gradients. The technique does, however, 
give an indication of general current patterns. The 
slope of the thermocline in a hypothetical two-layer 
system, in which the geostrophic current is balanced 
by a wind-drift current, 1s, for the prevailing wind 
conditions, equal to the slope actually observed near 
the western shore of the lake. 


The residence time of a conservative parameter, that 
is a parameter not participating in cyclic or other 
chemical or biological processes, is hardly influenced 
by the summer stratification. A 90 percent adaption 
of its lake-mean concentration to a sudden change in 
the rate of input is reached after a period of about 
19 years. 


The spacial distribution of various chemical parameters, 
such as specific conductance, oxygen and pH, is related 
to, the thermal structure of the lake. For most para- 
meters the mean hypolimnion values are significantly 
different from the mean epilimnion values. 


The mean oxygen content is higher in the hypolimnion 
than in the epilimnion at any time during the summer, 
but the percentage saturation is highest close to the 
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surface, decreasing from 130 to 100 percent in the 
epilimnion and’ from (100. €0;95 percente(96 (to791 
percent in 1967) in the hypolimnion between late June 
and late September. Oxygen values tend to be somewhat 
lower in samples taken close to the bottom, but 

values below 70 percent have only been found in Prince 
Edward Bay, where a minimum of 41 percent was observed 
in late August 1966. In areas with strong upwelling, 
the surface-oxygen concentration rises to a maximum, 
and the percentage saturation occasionally reaches as 
high as 150 or 160 percent, indicating vigorous 
photosynthetic activity. Areas with strong horizontal 
temperature gradients usually also show horizontal 
gradients in both the absolute oxygen content and in 
the percentage saturation, both tending to be lower 

at higher temperatures. A subsurface minimum in the 
oxygen content has been observed only in late August, 
early September of both years. 


The pH decreases from a mean of about 8.6 near the 
surface to 8.1 in the hypolimnion. Surface values 
reach a maximum of 8.7 in early summer, indicating 
vigorous algal growth, and decrease gradually to 
about 8.5 in September. A secondary peak in pH (and 
in oxygen) in late August gives some indication for a 
secondary upswing in plankton growth at this time. 


The spacial distribution of specific conductance is 
very closely related to the thermal structure. The 
conductance decreases from an average of 322 4 mhos/cm 
in the hypolimnion (adjusted to a reference temperature 
Of, .255C)- "to -31.3, “ainihos/cm iin the e@pitimiione? —-[n<areas 
of strong upwelling the surface values are close to 

the hypolimnion value, decreasing gradually to 313 

/ mhos/cm as the water warms up. 


The conductivity of lake water is mainly a function of 
total alkalinity, hardness and chloride. Relative 
differences between the epilimnion and the hypolimnion 
values of the first two are of the same order of 
magnitude as those for conductance, being about 4 
percent. The mean hypolimnion values for hardness and 
total alkalinity are 133 mg CaCO3/1l and 88 mg CaCO3/1 
respectively. 


The chloride data are not as accurate as the observa- 
tions of total alkalinity or hardness, but the data 
seem to indicate a Significant difference between the 
mean epilimnion and hypolimnion values of 2 percent. 
The sign of this difference, however, does not 
correspond with that of specific conductance, 
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epilimnion values being higher rather than lower than 
the hypolimnion values. The difference is too large 
to be explained by simple chloride-budget considera- 
tions. 


The outflows of some rivers are clearly reflected by 
local anomalies in the concentrations of various 
parameters, but the areal extent of these anomalies 
is usually small and variable. A good example is a 
tongue of high conductance water often extending from 
the mouth of the Genesee River into the lake. The 
shape and distribution of these anomalies confirm 
that the lake is essentially well mixed, and that 
there is no evidence of a confined eastward transport 
along the southern shore of water carrying with it a 
good percentage of all admixtures entering the lake 
from that side. 


The Niagara River is the only river that influences 
the thermal structure of the lake to a considerable 
extent. The course of the isotherms and other 
iso-lines suggests that its water, although rapidly 
loosing identity, moves as a diffuse current eastward 
along the southern shore. 


A comparison of data from the two years with each: 
other, and with the results of previous studies, 
indicates that the above findings are probably 
representative for most summers. This view is 
supported by a study of the wind data. 
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APPENDIX A 


ACCURACY OF THE DATA 


This appendix may be longer than strictly necessary, 
but the author feels that a more complete outline of the 
reasoning behind the selection of data to be discussed or 
omitted in this report may be useful for future reference. In 
the first four subsections the types of errors affecting the 
data, and their consequences, are defined in general terms, and 
the statistics used are formulated. In the last two subsections 
this is applied to a discussion of the reliability of the 
present data. 


A.1l Definitions and Statistics 


The best method to determine the reliability of 
measurements is by “letting the errors occur", that is, by 
interspersing a sufficient number of duplicate and known samples 
with the material sent down to the laboratory for analysis. -The 
laboratory personnel should not be able to recognize these 
samples as test samples, and they should be handled in exactly 
the same manner as the actual lake-water samples. A program 
of this nature, however, has not been carried out on a regular 
basis during the 1966 and 1967 field seasons, and variations 
in the cruise to cruise reliability of the measurements thus 
have not been monitored. Large fluctuations in the variability 
of data sampled on different cruises, however, did occur, and 
the author thus had to develop a method, based on the internal 
and mutual consistency of the measurements, to estimate their 
reliability. 


Internal consistency of the data can be defined as 
the degree of compatibility with certain basic hypotheses of 
the observations of one and the same parameter, sampled on one 
cruise at different depths or at the same level on subsequent 
cruises, and mutual consistency as the degree of compatibility 
between measurements of different, often interrelated, para- 
meters. 


) oe oe Definitions 


The data discussed in this report are subject to 
various types of errors, which can be classified into four 
groups: random, quasi-random, systematic and gross errors. 
These can be defined as follows: 


Let a series of samples be taken from a homogeneous 
medium. The result of any measurements xj can be regarded 
as being composed of two terms: 


m, 8 o.0M 
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where “« , usually called the "true" value, is a numerical 
constant common to all members of the series x;, and v;, the 
random error, is an unpredictable deviation from for any 
particular measurement (Van Nostrand, 1960). The unpredict- 
ability of vj is an essential aspect of the randomness of an 
error. This, of course, should not be confused with the fact 
that the probability of occurrence of certain values of xj often 
can be predicted. The distribution of the errors may, depending 
on the type of experiment and the parameter measured, be 
Gaussian, binomial or otherwise. In the following sections it 
will be assumed, however, that the distribution is Gaussian, 
unless otherwise noted. 


If, on the other hand, the actual, value of14" cane ve 
predicted from errors in the measurements immediately preceding 
Xi, the error is not purely random. It will be called a 


"quasi-random" error: 


z, =f “ond Kons > Vans bi gurls 2 


The quasi-random error thus affects groups of consecutive 
measurements rather than individual determinations, and the 
degree of dependence of the error in two determinations is 
lower, the longer the time interval between them. This type 

of error is usually not distinguished in the theory of errors, 
but its usefulness in a study of the reliability of the present 
data will become obvious. 


Ferithe thied typeof erfor;’ the systematic error, 
the: values offivj® can’ be® predicted? from the “true ceases ; 


vi ee + fellu) 


The systematic error is related to the quasi-random error in 
the? senses that ifevq- can® be* predicted? trom ~1972t+ can’ alse 
be predicted from vj-1, vi-2, etc., although the reverse 
generally will not be true. 


The gross error is caused by unpredictable, occasion- 
ally occurring, mistakes by the human factor involved in con- 
ducting the experiment, and in the reading and recording of the 
results. It will normally affect a small percentage of the data 
only. 


In chemical terminology, the reliability of a 
measurement if often indicated by its accuracy and precision. 
These can be defined in terms of the errors discussed above. 


Precision denotes the reproducibility of the determina- 
tions; it 1s a measure of the combined effects of the random and 
quasi-random errors. The precision thus is only a meaningful 
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statistic if it has been determined under the same conditions 
as those under which the data were sampled. (The reproduc- 
ibility of a series of measurements may be much lower under 
actual field conditions than under carefully controlled, 
idealized laboratory conditions). Under the assumption that 
the distribution of errors is approximately Gaussian, the 
precision can be defined as twice the standard deviation, which 
corresponds to the 95% confidence limits. 


Accuracy is a measure of the systematic error, and of 
that part of the quasi-random error which shows variations over 
a period much longer than the duration of a cruise. It is not 
always possible to separate the "long term" quasi-random effects 
from the systematic errors. 


A.1.2 Classification of Errors 


In an actual set of data several or all of the four 
types of errors defined above may occur, and they can originate 
in the sampling, analysing and data-processing stages of handling 
the data. Some of the major sources of error in each of the four 
groups are summarized below; a few are listed more than once if 
they contribute significantly to more than one class of error: 


Class A. Random errors in: 


1. sample coordinates 
a. position 
Db. atime 
chat depth 
2. sample collection 
a. insufficient flushing of sample bottle 


b. presence of particulate matter (the occasional 
trapping of large zooplankton organisms, for 
example, may affect the results of the analyses 
unless the samples are filtered immediately) 


3. sample handling 
a. improper rinsing of containers 
b. improper preservation or storage of samples 
(these factors can also lead to quasi-random or 
systematic errors) 


4. sample analysis (the magnitude of this error depends 


on the ‘analytical’ procedure, the equipment'-used and 
on the initial concentration of the parameter). 


Class B. Quasi-random errors, caused by: 


A use of inaccurate or non-stable standards for 
calibration. 
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2. insufficient rinsing of equipment between samples; 
this may especially affect automated and semi-automated 
analyses, for example, due to: 
a. gradual changes in the sensitivity of an 
electrode due to deposits on its surface 
b. variations in the transparency of containers used 
for colorimetric methods due to deposits 


3. variations in temperature and humidity of the 
laboratory may affect the performance of the equipment 
or reaction rates. 


4, changes in the sensitivity of electronic sensors, due 
to variations in voltage and/or frequency of the power 
supply, may become serious sources of error on board 
of a ship if its power supply is insufficiently 
stabilizedl. 


5. variations in the time lapse between the moment of 

sampling and the beginning of the analysis, which may: 

a. affect the concentration of a parameter due to 
chemical or physical processes 

b. cause the samples to be analyzed at different 
temperatures, if the time interval is too short 
to allow them to reach equilibrium with the 
temperature in the laboratory 


Class C. Systematic errors due to: 
1. insufficient calibration of the analytical method or 
equipment. 
2. undetected influences of admixtures in the sample on 


the analytical results. 
Class D. Gross errors, due to mistakes in: 


1. labelling of samples. 


2. entering the results on the basic data sheets. 
3. copying the data onto the data summary sheets. 
4. keypunching or other data processing stages. 


lEstimated ranges of fluctuation on board the Brandal in 1966 


are plus or minus 10 -to®15eHertz/andwplusorsminus 20 wWortse 
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A.1.3 Reduction and Consequences of Various 
Classes of Errors 


Purely random errors are largely unavoidable, although 
their magnitude can be reduced to a certain extent by choosing 
the most suitable analytical procedure, by duplicating sampling 
and/or analyses procedures whenever possible, and by placing 
more emphasis on the quality of data than on their quantity. 
Purely random errors will increase the spread of the observa- 
tions, thus reducing both the reliability of the individual 
observations and, if the number of samples is fixed, that of 
their mean. 


Gross errors can largely be avoided by measures 
Similar to those that can reduce the purely random error. Under 
actual field conditions, and particularly in bad weather, 
however, it may be very hard to completely avoid making gross 
errors, but proper quality control during subsequent data 
processing stages can be helpful in spotting and eliminating 
most, or all, of the more serious gross errors slipping into 
the data during the sampling and analysis stages. 


The quasi-random error, by definition, differs from 
the purely random error in that it affects groups of consecutive 
measurements rather than individual determinations. Asa 
result, the error in one measurement depends partially on the 
error in the preceding measurement, the degree of dependence 
being lower, the longer the time interval between the determina- 
tions. The quasi-random error thus may influence both the 
standard deviation and the mean of groups of observations; the 
latter influence may become especially serious for small groups 
of data. For a very large population of data on the other hand, 
or for a series of data sampled at long time intervals, its 
effect on the mean, and on a histogram of the observations, is 
often similar to that of a purely random error. Under certain 
conditions, however, the two types of errors can be distinguished 
by statistical techniques that will be outlined below. Another, 
very serious, effect of the quasi-random error is that it may 
give rise to fictitious horizontal) orsvertical gradients on 
plots of the data (Fig. A.1), 


The importance of random, quasi-random and gross 
errors in a series of data can sometimes be established by a 
study of the internal consistency of the observations, as will. 
be shown in the following subsections. The possible presence 
of systematic errors, on the other hand, can be found only by 
comparing the results obtained by different authors, by using 
different analytical techniques, or by mixing especially 
prepared solutions in varying ratio's with the samples (ASTM, 
1965). A discussion of this type of error will not be attempted, 
since it would carry beyond the scope of the present report, 
requiring a thorough study of the analytical procedures from a 
chemical point of view. 
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CHLORIDE (mg/I) 
depth 1m 
29 Aug.-2 Sept. 1966 © 


30 77°00 


CHLORIDE (mg/l) 
depth 75m 


Fig. Al Fictitious horizontal distributions of 


chloride at the 1 and 50 metre levels, 
suggested by data sampled on a cruise in 
late August 1966. 
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The borderline between quasi-random errors and 
Systematic errors is sometimes difficult to pinpoint, as was 
mentioned before. Analysis of the data of one cruise, for 
example, may indicate that there are no important quasi-random 
errors, whereas a comparison of the mean values for subsequent 
cruises may strongly suggest an inconsistency in the calibra- 
tions. Some examples of this type of a "long-term" quasi-random 
error will be given. 


In summary then, it can be concluded that of the four 
types of errors discussed above only one, the purely random 
error, is inherent to the data, although even this error can be 
reduced to a certain extent by indealizing the sampling and 
analytical procedures. Gross errors can largely be avoided, 
but, if present, can usually be detected while the data are 
processed, and the observations concerned can be rejected. | 
Quasi-random errors, which may affect a large percentage of 
the data, can seldom be corrected for, due to the difficulty 
in establishing their time dependence. In principle, however, 
they can be avoided by a proper quality control of the analyses. 
Systematic errors are of importance mainly in the intercalibra- 
tion of methods, or in a study involving data collected by 
various authors and/or techniques. Theoretically, the data 
can be corrected for systematic errors if they can be defined. 


A.1.4 Statistical Calculations 


Let cxgwand ives (iebiapacespNhcheyptwossentesmot 
measurements with means My and M,, and with standard deviations 
SDx and SD,. It can be tested whether or not these two series 


can be conSidered as subsamples from the same population by 
using Student's t-test (for the means) and Snedecor's F-test 
(for the standard deviations). 


The following statistics then have to be calculated: 


fb = a Dd x. ih = ix Pakage (A. a) 
é . d t 
SD a p ES ee a Fe ta SD be Pato — Mule (A. € ) 
ee Lifevirordgin My ven V (yu _aallase Set (A.c) 
iz SD, , SD +SD 
Hic Liste (A. ol) 
pik hen 
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where SDx,y, the best estimate of the standard deviation of the 
parent population, is defined in equation f given below. 


Tables for t and F are given in most textbooks on 
statistics (for example; Arley and Buch, 1950); the tables for 
F have to be entered with the reciprocal of F if its calculated 
value is less than one. If, for example, N=24 (50), the 95 
percent confidence limits for x; and yj to have been sampled 
from the same population are t = 2.1 (2.0) and F = 2.0 (1.7) 
respectively. | 


Let it now be assumed that the series xj and yj, 


i= 1,2,....,N, have been sampled from one and the same popula- 
tion in the following *sequences 1 xX] -8%ypy X2PSY2 Pees EL, “XN POYNs 
In this case the means and standard deviations of the two series 
will’be similar, and a best estimate of the overall mean, My ,y? 
and standard deviation SDx,yr can be calculated: 

M aie Paint (A.e) 

age § m 

2 2 
Sp =V Sdx 752, (Af) 
me f 2 


From the twotsertes pwx; Sand ’y,, a, third }senives*cam jbe-derived 
by taking the differences between pairs of samples xj; and yj for 
each value of i: 


The mean Mz, and standard deviation SD, are related to the means 
and standard deviations of the parent series (Arley and Buch, 
1'9.5.0)).2 


it a Spe et : 
1s aig BF Masri nae 


SD .VSD.* + SRN iy Saar SD, V2 (A A) 


for sufficiently large N, which means that, in a statistical 
sense, M, is equal.to zene, and saps (to SD, V2 , within the 
chosen confidence limits. 
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Essential in the derivation of the equations g and h 
is that the series x; and y; originate from the same parent 
population, and that the measurements are subject to Gaussian 
random errors only. If, on the other hand, the errors were to be 
of a quasi-random nature, the equations would not be valid. In 
that case the errors in subsequent values xj and y; would no 
longer be independent, and it can be expected that the standard 
deviation SDz of the series zj becomes smaller in relation to 
SD, than predicted by equation h. The mean Mz, however, 
wou still be equal to zero within the chosen confidence 
limits. Combining the equations h and d, the statistical 
Significance of the difference between SDz and SD, can be 
tested: 


It will be assumed that quasi-random errors are present if F 
exceeds the 95% confidence limits. 


In an actual set of lake data, variations between the 
measurements are, of course, not only due to errors, but also 
to naturally occurring geographical or temporal effects. [In 
the second part of this appendix it will be assumed that the 
internal consistency of the data is not affected by systematic 
errors, that the data have been corrected for gross errors, 
and that observations taken on the same cruise can be considered 
as synoptic. | Fluctuations within the set of data’ collected 
during a cruise then are caused by three factors: random and/or 
quasi-random errors and natural geographical effects (depth and 
location). An effort will now be made to estimate the relative 
importance of the two types of errors and to compare their 
Magnitude with the range of naturally occurring variations. 


Awe  ADDILCabion, to the: Present: Dana 
A.2.1 Mutual and Internal Consistency 


In the summer the lake is divided into a two-layered 
system by a sharp interface, the thermocline. Any water entering 
the lake from the rivers and sewage outflows will be mixed with 
the upper layer. Due to the density difference between the two 
layers and. the stability of the thermocline, very little, if any, 
of the dissolved admixtures will be transported down into the 
hypolimnion. For this reason it is to be expected that horizon- 
tal gradients in the concentration of many parameters will be 
much smaller in the hypolimnion than in the epilimnion. 
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The horizontal gradients of pH and specific conduc- 
tance at a depth of 50 or 75 metres are usually largely, if not 
completely, masked by random variations in the measurements, 
whether these be due to random errors or to naturally occurring 
random fluctuations in their concentrations. At the surface, 
on the other hand, geographically determined gradients are more 
prominent and do not disappear in a background of random 
fluctuations. On some cruises, however, the data appear to 
indicate large horizontal gradients in the deeper water. These 
gradients are, in the author's opinion, fallacious for the 
following reasons: 


1. The data are not internally consistent. ‘“In-every 
instance where a large horizontal gradient in the 
hypolimnion concentration of these parameters is 
observed, a similar, equally large gradient appears 
in the surface data, as is, for example, illustrated 


in ‘Pig Aste (The reverse is not true; surface 
gradients are not always coupled to gradients in the 
hypolimnion). -This is suspicious, especially since 


the arising patterns seem to be closer related to the 
actual track made by the ship than to the geography of 
the lake, and do not recur on other cruises in 
Similar locations. A possible explanation lies in 
the fact that the data have been analyzed in the 
sequence in which they were sampled. A gradual or 
sudden, change in the sensitivity of the analytical 
equipment, or in its calibration, thus will show up 
aS an apparent horizontal gradient in both deep and 
Shallow data. The resulting apparent horizontal 
distribution patterns consequently will seem to be 
related to the ships track. 


2. The observations of different parameters are not 
mutually consistent. Theoretically there is a 
definite numerical relationship between specific 
conductance and the concentrations of the major ionic 
species in the water (Appendix B). Near the surface 
the horizontal distributions of conductance, on the 
one hand, and of total alkalinity, hardness and 
chloride, on the other <hand, ‘are usually closely 
related (Chapter 5). In the hypolimnion, however, 
the horizontal gradients that appear occasionally in 
the distributions of any of these parameters are never 
related to similar gradients in distributions of the 
others. 


These two points are obvious from a study of the 
horizontal distribution patterns, but they can also be demon- 
stratediin»a!idifferent manners: In Fig.°A.2+the* pH, toral 
alkalinity, conductance, chloride and hardness observations 
made at the 1 and 50 metre levelS in a mid-summer cruise in 1966 
are shown as time series. Observations at the 10 and 75 metre 
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TIME SERIES OF OBSERVATIONS 
Cruise 66-014 (24 Aug.-2 Sept. 1966) 


iumhos /cm at 25°C 


-..mg CaCQ3/| 


HARDNESS 


/mg CaCO3/I 


CHLORIDE 


Station No. 10 


20 


30 


40 


Fig. A2 


A comparison of the 
time series of measure- 
ments of different 
parameters sampled 
during a monitor cruise 
in late August 1966. 
Subsequent points along 
the horizontal axis 
denote samples taken 

at consecutive stations. 
The arrows on the right 
hand side indicate the 
magnitude of a change 
in the concentration of 
the respective parame- 
ters that would cause 

a variation of 10 
umhos/cm in the con- 
ductance, provided that 
the concentration of 
all other parameters 
remains constant. 
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levels are essentially similar to those at the 1 and 50 metre 
levels respectively. The data are entered in the sequence in 
which they were analyzed; all points along a vertical refer to 
the same station. It is seen that the conductance and pH traces 
show no trends or major discontinuities for groups of stations 
while the cruise proceeds. Total alkalinity, on the other hand, 
shows a small trend towards higher values as the cruise proceeds, 
while hardness and chloride both show quite erratic and 
unrelated jumps downwards and upwards in the middle of the 
cruise. In Appendix B the numerical relation between specific 
conductance and the three latter parameters is discussed in 
detail. At present, it is sufficient to note that the trend 

in total alkalinity, as well as the jumps in hardness and 
chloride, are so large that they definitely should correspond to 
simultaneous measurable changes in the conductance, provided 
that they are real. The arrows on the righthand side of Fig. 
A.2 show the changes in total alkalinity, hardness and chloride 
that would correspond to a change of 10/emhos/cm in specific 
conductance. Similar anomalies for the data sampled during 

a cruise in late August, 1967, are shown in Fig. A.3. The 
observed phenomena could perhaps be explained by large 
fluctuations in the concentrations of some of the minor 
constituents in the water, but this is speculative and, in the 
opinion of the author, highly unlikely. 


In some instances the quasi-random error is large. 
enough to completely mask the natural geographical distribution 
patterns in the epilimnion, as, for example, in the hardness 
distributions! shown dni Fig Aobw, phn 1O66,.this ocenrred 
regularly for the total alkalinity, hardness and chloride 
distributions, and these consequently are not presented in the 
present report. In 1967 this happened occasionally for the 
specific conductance and pH distributions. (The areal distribu- 
tion of the first three parameters has not been studied for 
LOG Ade 


A.2.2 Statrstical Study of the Internal Consistency 


The occurrence of quasi-random errors in the data 
can also be studied by means of the statistical technique 
outlined earlier. For this purpose the following assumptions 
concerning the horizontal and vertical distributions of a 
parameter P will be made: 


1. The epilimnion and the hypolimnion can be considered 
as two distinct water masses with not necessarily 
equal concentrations of P. 


2. Vertical gradients are small within each of these 
two layers, but may be larger in the thermocline 
region. (The validity of this assumption for most 
parameters discussed in this report is illustrated 
in the Chapters 3 and 5). 
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TIME SERIES OF OBSERVATIONS 
Cruise 67-011 (21-25 Aug. 1967) 


340 


330 


320 


310 


300 SPECIFIC 


umhos/cm at 25°C_,------— 


290 


140 
135 
130 


N , 
e-*~e-e-e 


126 


HARDNESS 


90 
85 
80 
75 


32 
CHLORIDE 
30 


28 
26 


24 


Station No. 10 20 30 40 50 60 


Fig. .A3. A comparison of the time series of measurements of different 
paramenters sampled during a monitor cruise in late August 1967. Subsequent 
points along the horizontal axis denote samplés taken at consecutive sta- 
tions. The arrows on the right hand side indicate the magnitude of a change 
in the concentration of the respective parameters that would cause a varia- 
tion of 10 ¢mhos/cm in the conductance, provided that the concentration of 
all other parameters remains constant. 
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3. & Horizontal) gradients tin ttheyepiilimnion ere darge 
than those in the hypolimnion, since the latter is 
not, or hardly, affected by the inflow of rivers and 
is much larger in volume (about 4 times larger than 
the epilimnion). 


4, Distribution patterns in the two layers are not 
necessarily parallel, nor do they have to show 
horizontal gradients of the same magnitude, although 
the patterns may show some relation to each other. 
The reasons are Similar to those cited under the 
preceding assumption. 


These assumptions obviously will not hold for all parameters, 

and may not hold within a few metres of the bottom. Temperature, 
however, is a good example of a parameter for which all four 
assumptions are valid, but for oxygen, and especially for 
nutrients, the second and third assumptions may not be correct. 


Values for the statistic F for various parameters have 
been computed for a number of cruises (Table A.1). The 
standard deviations of the 1 and 75 metre level data are 
compared with each other (noe) and with that of the difference 


population formed by subtracting for each station the 50 and 75 


metre level observations, (Feo_45 and Feo_45 respectavely)< 


Underscored values of F indicate that there is no significant 
difference (95% confidence limits) between the standard 
deviations concerned. Table A.1 illustrates the following 
points: 


The standard deviation of temperature at the 1 metre 
level is in all cases much larger than that in the hypolimnion, 


resulting in very high values of a and Fe Q-75° The difference 


between the standard deviations of the 75 metre observations and 
of the difference population is not significant, which indicates 
that there are no quasi-random errors or natural geographical 
effects large enough to dominate the purely random errors and 
the natural random variations in the medium. 


The specific conductance observations show an 
essentially different situation. For the first cruise (66-14) 
all three F values indicate significant differences in the 
standard deviations. The standard deviation at the 1 metre 
level, however, is still significantly larger than that at the 
75 metre level, and it can be concluded that quasi-random errors, 
Or natural geographical effects in the hypolimnion, are smaller 
than the geographical effects at the surface. For the two 1967 
cruises the situation is different. The standard deviation of 
the surface samples is of the same order of magnitude as that of 
the hypolimnion samples, while the standard deviation of the 
difference population is considerably smaller, as is shown by 
a This could hypothetically be explained by assuming that 
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the surface and 75 metre level distributions show similar 
natural patterns and gradients of the same magnitude. This, 
however, is extremely unlikely in view of the isolation of the 
hypolimnion from the influence of tributaries by the thermocline, 
and also because of the large ratio of hypolimnion to epilimnion 
volume. A much more likely explanation is the presence of 
quasi-random errors in the data. 


For chloride, the situation is Similar to that of 
specific conductance. In this case the data for the cruises 
66-17 and 67-15 reveal large internal inconsistencies caused 
by quasi-random errors, whereas the data for cruise 67-11 
indicate a much smaller quasi-random error, which may be of 
roughly the same order of magnitude as effects due to 
geographically determined gradients. 


On cruise 66-14 enough hardness and total alkalinity 
data were collected for a statistical analysis, and these also 
indicate the presence of large quasi-random errors. In 1967 
these parameters have been sampled at fewer depths, and not 
enough data are available for a complete analysis of their 
internal consistency. 


The F values for pH have been included in the table, 
Since the method proved to be useful in some instances to 
eliminate cruises with bad pH data. The results are not as 
obvious as for the parameters discussed above, but they seem 
to indicate that quasi-random errors may have been an important 
factor for the 1967 cruises. A closer comparison of the 
horizontal distributions of pH in the epilimnion with those in 
the hypolimnion confirms that pH values are less reliable in 
1967 than in 1966, and the distributions for most 1967 cruises 
have, for that reason, not been presented in Appendix F. 


The standard deviation of the different parameters 
for the 1, 10, 50, and 75 metre levels, and for the difference 
population of the 50 minus the 75 metre level samples of each 
station, have, for comparison, also been given in Table A.l. 
Differences between the standard deviations at the 1 and 10 
metre levels are related to the mean depth of the thermocline, 
relative to these levels, and to thermocline tilt. These 
factors are discussed in more detail in the Chapters 3 and 5. 
Differences between the standard deviations at the 50 and 75 
metre levels reflect the fact that the water tends to become 
more homogeneous with increasing depth below the thermocline. 
Interesting to note is the inconsistency of the variability 
calculated for each of the parameters on the different cruises. 
The standard deviation of conductance at the 50 and 75 metre 
levels, for example, is five times as high for cruise 67-1l, 
for which the data are considered to be subject to serious 
quasi-random errors, than for cruise 66-14. Similar differences 
occur’ for pH and chloride, and they usually reflect variations 
in the accuracy with which data have been collected, although 
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changes in natural variability may, in the upper layers of the 
lake, also occasionally play a role. The standard deviation of 
temperature in the hypolimnion is fairly constant, indicating 

a consistent accuracy of the measurements throughout the two 
field seasons. 


The "F technique" thus has proven to be a useful tool 
to aid the detection of a special type of error, defined as 
quasi-random error, in the measurements of some parameters. 

It may not be as useful, however, for such parameters as oxygen 
and nutrients, which are strongly affected by biochemical 
processes, and no attempt has been made to apply the F technique 
to these parameters. The rejection of many of the specific 
conductance, pH, hardness, total alkalinity and chloride data, 
sampled in 1966 and 1967 but not shown in this report, is based 
on a statistical analysis of their internal consistency with the 
"F technique". (Rejection for the present study, of course, does 
not imply that the data could not give valuable information for 
other types of studies). 
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APPENDIX B 


SPECIFIC CONDUCTANCE AS A FUNCTION OF IONIC CONCENTRATIONS 


Specific conductance is a function of ionic concentra- 
tions in the water, and it can be calculated if the composition 
of a sample is known: 


Gia 20,4, Ba. 5} 


where C is the specific conductance in «zmhos/cm at 25°C, Pi 

the conductance factor and A; the concentration in mg/l of the 
ionic species i. Using the conductance factors given in 
"Standard Methods" (APHA, 1965), this can be written as: 


Cisnae.60 xnbCalps.8282 oy (Mg) + 2513 9% iNea] w+ bas4.x [Re 


er oyeaiel) +10. 715 s. THCOs) 41.54 x [S04] hn ee) 


where the symbols between square brackets stand for the 
concentrations of calcium, magnesium, sodium, potassium, 
chloride, bicarbonate and sulfate respectively, and the dots 
for any other ions that may be present in the water. 


In Lake Ontario the conductance is for more than 
99% determined by the concentration of seven ions: calcium 
(32%), magnesium (7%), sodium (7 1/2%), potassium (1%), 
bicarbonate (24%), sulfate (12%) and chloride (16 1/2%) 
(Table B.1). These percentages have been calculated, using 
equation b, from the results of a comprehensive analysis of 
14 mid-lake samples (Dobson, 1968). It must be noted, however, 
that equation b, when applied to these samples, yields a conduc- 
tance of 341 Amhos/cm (at 25°C), which is 8.2% above the 
measured conductance. This discrepancy cannot be accounted for 
by a lack of precision of the measurements, which is 1.2%-. 
The cause for the difference between measured and observed 
conductance values is not clear, but it could perhaps be due 
to the fact that unfiltered samples were used for the analyses. 
All samples are left undisturbed for some time before subsamples 
for the actual analyses are carefully decanted, without stirring 
up the sediment. Small suspended particles thus may have been 
present in the subsamples, and ions attached thereon could have 
been released during the chemical analysis. Some ions may also 
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loalculated from standard deviation estimates given in Chawla 
and Traversy (1968), which are representative also for these 
analyses (personal communication by Traversy). 
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have been attached to organic molecules or in colloids. [In all 
these cases the ions concerned cannot, or only partially, 
contribute to the conductivity of a sample, but they may be 
liberated during the analysis of the individual ionic species, 
and equation b therefore may predict somewhat too high a value 
for ithe °conductance: 


Calcium and magnesium have been measured as hardness 
on all monitor stations; their absolute concentrations have only 
been measured occasionally. Using a ratio of 6.8:1 (Dobson, 
1968) of their relative concentrations, however, their contribu- 
tions to the conductance can be estimated from the hardness 
determinations: 


68 mg Ca/Zl—. 000.) x6 8.umg Waco > it = 170 mg CaCO3/1 
40 
10 mg Mg/l> = #0. x ABOD mg “CaCO / PY =~42 "mg Caco3/1 
, teas 40 
measurable hardness = 212 mg CaCO3/1 


This corresponds to a conductance factor per mg CaCO3/1 hardness 
OL: 


Vee 6B. 24.60), ce LO, Kae Bey es Tene 2ofe MhOS/CM {ati 25 %C) 
78 78 


Similarly, the bicarbonate concentration has not been measured 
independently, but as total alkalinity. In the normally 
observed: pHy range® Of" 729" to’'8. 7, more than” 99% of the* dissolved 
carbonates is present in the form of bicarbonate. Its contribu- 
tion to the conductance can be calculated from the observed 
total alkalinity using a conductance factor of Vs SeRAes eS4 on 

at 25°C per mg CaCO3/1. 


Equation b can now be rewritten in terms of hardness 
and total alkalinity*instead-of Ca,"Mg and HCO3: 


C= 1.02 x, [hard] +..0.8646x., ft.alkinotezel4axvi(Edii + 


+ 2-1 32x <[Nal at Les4ex.iKiat lLes4qm [SOq] (B.c) | 


where the symbols between the square brackets denote the concen- 
trations in mg CaCO3/1 of hardness and total alkalinity, and in 
mg-ion/l of the other four parameters. The first three terms, 
hardness, total alkalinity and chloride, are the only parameters 
that have been measured routinely for all monitor stations; they 
account for roughly ¥397 "2¢-and Pe'*r7zZs"or the” cCalculater 
conductance respectively. Assuming the relative contributions 
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of the various ions to the conductance to be constant, equation 
¢ can now be written in terms of the three routinely measured 
parameters: 


Cr= 00.0 x { 1.02 x [nard] +.0.864 xi(t alki + °2.14 (CV) (B.«) 


Application of equation d to the summer mean concentra- 
tions of hardness, total alkalinity and chloride also gives 
values for the specific conductance that are higher than the 
actually measured conductance (4.5 and 4% respectively in 1966 
and 1967). This discrepancy is probably due to similar causes 
as suggested above for the 14 comprehensive analyses, and perhaps 
also partially to not yet detected systematic errors or 
interactions between the parameters or to possible inaccuracies 
in the conductance factors used. The agreement, however, is good 
enough for a study of the correlation between observed distribu- 
tions of the routinely measured parameters. 
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APPENDIX C 


WIND STRENGTH AND THERMOCLINE DEPTH 


The relation between wind strength and thermocline 
depth has, among others, been studied by Tully and Giovando 
(1963) and by Tabata, Boston and Boyce (1965). Tully and 
Giovando show that the depth of the thermocline is mainly 
determined by wind strength, during the heating season, and 
by convective mixing, resulting from heat losses at the surface 
during the cooling season. Their studies are based on data 
collected in the eastern subarctic Pacific Ocean, especially 
on those from Ocean Weather Station P, but their conclusions 
are probably applicable to other large bodies of water in 
temperate regions as well. 


Tabata et al.define .a. mixed layer .depth, .Dy. as ythe 
depth of a zone with uniform temperature between the surface 
and the first intermediate thermocline, and they find for the 
heating season the following relation between D;, and the mean 
wind strength u during the preceding 12 hours: 


BI ai air oN: Cua) 


where u is expressed in metres per second and Dy, in metres. 
This relation is also based on a study of Ocean Weather Station 
P data. Tabata et al also formulate a linear relation between 
Dz, and u, predicting the mixed layer depth with the same 
accuracy. The standard deviation of the difference between 
measured and calculated values of Dy, is 5.8 in both cases. 


The mixed layer depth will usually be shallower than 
the seasonal thermocline, but during periods of strong winds all 
intermediate thermoclines descent and may eventually merge with 
the latter. The mean depth of the seasonal thermocline thus is 
relatively insensitive to weak and moderate winds, but may 
change considerably under the influence of prolonged periods of 
strong winds. 


In the present paper the depth of the thermocline has 
been. defined as the. depth of the [0°C surface. “Ihis) 15 (on sues 
average four metres below the top of the thermocline region, 
which, in turn, corresponds to the bottom of the mixed layer, 
as defined by Tabata et al, in the absence of intermediate 
thermoclines. Even with this correction, equation a may not be 
directly applicable to conditions in Lake Ontario, since the 
thermocline depth varies considerably with location, and since 
the lake is of limited dimensions as compared with the ocean. 
The equation, however, does give an indication of the depth to 
which wind induced vertical turbulence may be strong enough to 
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erode the thermocline, and it also shows that the mean 
thermocline depth is to a large extent determined by the 
strongest winds, rather than by mean wind strength, during 
the period between the formation of the seasonal thermocline 
and the time of observation. 
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APPENDIX D 


VERTICAL EDDY DIFFUSIVITY 


The vertical coefficient, of. eddy diffusivity K,) ican 
be calculated from a knowledge of the vertical gradient and the 
time derivate of a property with a concentration f . The 
basic diffusion equation, in the absence of sources and sinks, 
LS. 


Lagivig: pre BOGLAME BARON PRO gem ES (D.a ) 
at 0 x dy Oz 


wal Bia gk ag Sa PY LN oa Ny aC 
oe rae eae slayer aageS Dp as ose” 


where x, y and z are the two horizontal and the vertical axis of 
a rectangular coordinate system with its origin at the surface; 
and where u, v and w are the velocity components and K,, Ky and 
K, the diffusivity coefficients in these directions respectively. 
The vertical axis is measured positive in a downward direction. 
This equation is valid only for "conservative" parameters, that 
is, for parameters that are not affected by chemical reactions 
or other processes that could change their concentrations in 

the absence of diffusive or advective transport. Consequently, 
it cannot be used for such parameters as pH, temperature at any 
level at which a measurable amount of radiation is absorbed, or 
dissolved oxygen. 


The parameter J is carried by water, which for 
practical purposes can be assumed to be an incompressible 
Plat de 


ucecot Oiisenee nan eH a (D. 4) 
dx dy dz 
Combining (a) and (b), the diffusion equation can be 
written: 


Af win Padeefrmndutiv) ore Seortweg Vm (De) 


st 
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A mean value Kz of the vertical diffusivity | 
coefficient can be derived from changes in the lake-mean profile 
of f, £(z), assuming that there is no,transport through the 
boundaries of the lake and that K, = Kz is a function of depth 
only. Integration of (c) over the area A of the lake then 
gives: 


o- 
a 
+ 
Qe 
B 
Sl 
os 
WH 
I 
oe 
ax 


k i ) (D. a) 
oie sz dz a dz 


The second term in equation d is usually neglected, being of 
higher order than the other terms, and the diffusion equation 
becomes: 


of fig 2 (Kk, sf ) (D.e) 


In the following the cap over,K, .will be omitted. 


Application of (e) to the temperature data and 
integration over depth from a depth z to the bottom Zp, assuming 
that there is no diffusive transport of heat through the 
bottom, gives: 


2 
4 — — 
Bei ANd a Sek Malle (D.f) 
gt dt 3 2 
z 
where H, is the mean heat content below a unit area at depth z 
and T(z) the mean temperature at a depth z. In the transfer 
from (e) to (f), it has been assumed that the coefficient of 


eddy diffusivity for a chemical parameter £ is approximately 
equal to the coefficient of eddy conductivity for temperature, 
and Kz will henceforth in both cases be called the coefficient 


of eddy diffusivity. 
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In the derivation of equation (f), it has been 
assumed that Kz is independent of location for any given depth. 
This-fs not"strictly true, sitnuce-Ky re inversely related to tie 
Stability = de , where e is the density, and this is maximal 


at or near the thermocline. The depth of the corresponding 
minimum of Kz thus depends on the depth of the thermocline, 
which is a function of location_and time. It has furthermore 
been assumed that the term J (wf J can De; neglected... THESES 


z 
not strictly true either, since the continuous variations in 

the tilt of the thermocline cause an apparent advective vertical 
transport of heat, as is discussed in more detail in Chapter 6 
(see also Fig. 25). This suggests that it may be more 
realistic, at least when spacially averaged data are used, to 
calculate K, with reference to a coordinate system\fixediwith 
respect to characteristic points of the thermal structure 

rather than with respect to the surface of the water. 


The author developed a technique to calculate the 
vertical coefficient of eddy diffusivity in the thermocline 
region, using a coordinate system fixed with respect to the 
thermocline. The origin of this system moves downward with 
the downward progression of the "heatwave", and its distance 
below the surface is given by Ze(t), where Ze(t) is the mean 
depth of the ‘thermocline at the time t. 


The processing of a series of data, defining the 
Spacial temperature distribution in a lake, is done in two 
distinct steps. First of all, the "mean depth" curve Z (6) 
(see Section 2.1.4) is calculated. This curve is then used to 
define a model temperature distribution in the lake in such a 
manner, that all isotherms are horizontal and at a depth below 


the surface given by Z(8). The two mean profiles Z(#) and T(z) 
are identical in this model, and T(z) = T(z) is independent of 
x and y. The new coordinate system is now defined with respect 


to the depth z. (chor the to" C-1setherm, ack tie deer 2 Ce) 
below the surface of a point z' in this system is given by: 


Ze), = 2" & Zi CE) 


In this model the diffusion equation d can be written 
with respect to the moving coordinate system; substitution of 
the temperature T(z) for the function £ gives: 


— duly Fy sty] ai 2 do (kK ' 9TG) ] (D. 4) 
dz (tp ae ie O2’ 
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The time dependent term é7(z') on the lefthand side of (d) 


vanishes by definition for z' = 0, and is small in the vicinity 
of the thermocline, because the coordinate system travels 
downward with the 10°C isotherm. Since T(z) = T(z) is independ- 
ent of x and y, equation (g) can be rewritten: 


J lw’ Tr24) = Bessey tee Langeee ) 8) 


dz’ Q2' Z a2’ 


where w' is the mean vertical velocity, which is equal to the 
rate of downward movement of the thermocline. Integration over 
depth from z' to the bottom gives: 


w'( Tez, ) piag 7 98 ae pane Ta) (D.h) 
ay 


again assuming that there is no downward eddy diffusion through 
the. bottom. /'This: equation’ can be used to derive K.. from fhe 
rate of downward movement of the thermocline and the temperature 
gradient given by Z(6). 
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PROBABILITY OF A COHERENCE EXCEEDING A CERTAIN LEVEL 


| Random data f=82 
I| Random data f=19 
Ill Panofsky + Briar f=82 
IV Panofsky + Briar f=19 


Coherence 


Comparison of significance limits of the 
coherence between two random Gaussian series 
of data with the limits quoted by Panofsky 
and Briar. Curves I and II are based on 
Tuckey type power spectrum analyses of 25 
pairs of random data series with N = 500, 
m= 12, £.= 82 and N = 500, m= 50, £2323 
respectively. 
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APPENDIX E 


CONFIDENCE LIMITS OF COHERENCE AND PHASE LAG 


The 95% confidence limits of coherence can be derived 
from an equation by Goodman (1957), quoted by Panofsky and 
Briar (1965), giving the confidence limits @ of the coherence 
Squared as a function of the number of degrees of freedom f and 
the probability level p: 


/ La 
a= psy 20d iy 


where £ is a function of the length N of the data series and of 
the maximum number of lags m used in the analysis: 


This equation, however, does not correspond well with the 
results of a test analysis of the coherence between two series 
of Gaussian random data. In Fig. E.1l calculated values of the 
Square root of @ for different probability levels are compared 
with confidence limits determined experimentally by analysing 
the coherence of 25 pairs of random number series consisting of 
500 elements each. It is obvious that equation a underestimates 
the reliability of the results, and the 95% confidence limits 
indicated by dashed lines in the illustrations therefore have 
been based on the latter calculations rather than on this 
equation. 


The confidence limits A989 of the phase @ are a 
function of the coherence Roo of an infinitely long series of 
data and of the number of degrees of freedom, and can for large 
-£ be calculated using an equation given by Goodman (1957), 
quoted by Munk et al (1959): 


fin 08 ox 17 Amo (E.€) 
x 


in Fig: E.2 this equation is plotted for 19 and 82 deceecs or 
freedom, which corresponds to 50 and 12 lags respectively ina 
data series of 500. 
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Degrees i wis 


957, CONFIDENCE LIMITS OF PHASE 
AS A FUNCTION COHERENCE 


coherence 


Fig. E2 The 95 percent confidence limits of phase 
; as a function of coherence for 82 and 19 
degrees of freedom (12 and 50 lags ina 
data series of 500 respectively). 
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APPENDIX F 


CRUISE BY CRUISE HORIZONTAL DISTRIBUTION CHARTS 


Cruise by cruise charts for thermal structure and the 
distribution of oxygen, pH and conductance during the field 
seasons of 1966 and 1967 are presented. All horizontal 
distributions are for the surface (0.5 or 1.0m). The profiles 
in the top lefthand corners of most charts are lake-means over 
all monitor station data for any cruise (solid lines), or means 
over a group of stations in an upwelling area (dotted lines). 
The wind tracks, in the top lefthand corners of the thermocline- 
depth charts, have been constructed from hourly observations at 
Toronto International Airport by taking daily vector means. 
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